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SUMMARY 
Natural products have been the source of many of the active ingredients of 
medicines. Numerous reports suggest a protective role for a diet rich in fruits and 
vegetables. One of the areas where plants and their constituents have had a major 
impact on longevity and quality- of life is in the chemoprevention of cancer. 
Indeed, epidemiological studies have suggested that human consumption of fruits 
and vegetables is associated with a reduced risk of cardiovascular disease and 
certain types of cancers. Cancer development is a dynamic and long term process 
which involves many complex factors through critical steps of initiation, 
promotion and progression, leading to an uncontrolled growth of cancerous cells 
throughout the body. It is believed that dietary constituents derived from plant 
sources have the ability to modify the process of carcinogenesis thus relating the 
food stuffs, beyond their basic nutritional benefits, to disease prevention. 
There are many nutritive and non-nutritive plants and natural compounds from 
other sources currently under investigation for their potential cancer 
chemopreventive effects. These include ellagic acid, some triterpencs (such as 
lupeol, betulinic acid, ginsenosides, oleanolic acid, etc), and ginkolide B. Various 
other polvphenolic antioxidants such as flavonoids, tannins, curcuminoids, 
gallocatechins, stilbenes and anthocvanidins have also been implicated as 
chemopreventive agents. However, the mechanism by which these compounds 
inhibit proliferation and induce apoptosis in cancer cells has been the subject of 
considerable interest. Studies in this laboratory have centered on the anticancer 
mechanism of plant derived polyphenolic antioxidants. I t has been shown that 
these antioxidants can act as prooiidants in the presence of copper ions catalyzing 
prooxidant DNA breakage through the generation of reactive oxygen species 
(ROS). Copper is an important metal ion present in chromatin, closely associated 
with DNA bases particularly guanine and can be mobilized by metal chelating 
agents. It is one of the most redox active of the various metal ions present in cells. 
,Several reports in the literature have shown that both serum and tumor copper 
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levels in cancer patients are significantly elevated. Therefore, cancer cells may be 
more subject to electron transfer between copper ions and polvphenols than 
normal cells to generate ROS, leading to oxidative injuries beyond the reversible 
threshold. 
The chemopreventive properties of gossypol and thymoquinone are well 
documented. However, the primary mechanism of action of these compounds has 
not been elucidated. In order to explore the chemopreventive activity of gossvpol, 
in Chapter I, I have attempted to elucidate the mechanism of action of gossvpol 
and compared it with the activit of its semi-synthetic derivative apogossypolone 
(ApoG2). Using fluorescence and absorption studies, it has been shown that both 
these compounds are able to bind to DNA. Further, both the compounds are able 
to bind to copper as well as reduce it. Gossypol and ApoG2 are capable of 
causing DNA cleavage in pBR322 plasmid DNA and Calf Thymus DNA in the 
presence of copper ions. Further, using alkaline single cell gel electrophoresis 
(comet assay) I have shown that both these compounds lead to cellular DNA 
breakage in lymphocytes through the same mechanism which involves the 
mobilization of endogenous copper ions. Moreover, it was seen that ApoG2 
induced a greater degree of DNA breakage in lymphocytes as compared to 
gossvpol, possibly due to greater permeability and greater hydroxyl radical 
generation. 
In Chapter I1, using fluorescence and absorption studies I have shown that 
thvtnoquinone is able to bind to DNA as well as copper. Further it was seen that 
thvmoquinone also reduces copper. Using comet assay I have shown that 
thymoquinone is capable of causing copper mediated DNA breakage in 
lymphocytes. Further, using the 1vsed version of comet assay I have demonstrated 
that the DNA breakage induced by thvmoquinone is inhibited by copper specific 
chelators neocuproine and bathocuproine (but not by compounds that bind iron 
or zinc). Using scavengers of reactive oxygen species, the study also shows that 
the cellular DNA breakage occurs through an oxidative process involving reactive 
oxygen species which act as proximal cleaving agents. 
VII 
Summary 
In chapter III, using N1Y1' assay I have shown that these antioxidants gossypol, 
ApoG2 and thvmoquinone cause cell death in human cancer cell lines and that 
such cell death is prevented to a significant extent by copper chelator 
neocuproine. Moreover, normal breast epithelial ti1CF-10A cells are refractory to 
such an inhibition. Further, I have shown that the supplementation of culture 
media of `1CF-10.1 cells with copper leads to the upregulation of copper 
transporter, hCtrl (as detected by Western Blot), indicating an increase in the 
uptake of copper in such cells. Increase in sensitivity of IMF-10A-Cu cells to the 
antioxidant-induced inhibition of cell proliferation provided further confirmation 
that the cvtotoaic and anticancer activity gossypoi, :1poG2 and thymoquinone is 
mediated by copper. Based on the work presented in this thesis, I would like to 
conclude that mobilization of nuclear copper by plant antioxidants and the 
consequent prooxidant action could be one of the important mechanisms for their 
anticancer and chemopreventive properties. Indeed such a common mechanism 
would better explain the anticancer effects of polyphenols with diverse chemical 
structures as also the preferential cvtotoxicity towards cancer cells. Further they 
may also act as lead compounds for the synthesis and development of novel 
anticancer drugs with better copper chclating and R()S generating potential. 
Introduction 
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INTRODUCTION 
Cancer chemoprevention by plant derived small molecules 
The use of traditional medicines and plants in most developing countries as 
therapeutic agents for the maintenance of good health has been widely observed 
(UNESCO, 1996)..\n increasing reliance on the use of plants in the industrialized 
societies has been traced to the extraction and development of drugs and 
chemotherapeutics from these plants as well as from traditionally used herbal 
remedies (UNESCO, 1998). Interest in medicinal plants as a re-emerging health 
aid has been fuelled by the rising costs of prescription drugs in the maintenance of 
personal health and wellbeing and the bioprospecting of new plant-derived drugs 
(Hoareau and DaSilva, 1999; Har~-ev, 2008). Furthermore, epidemiological studies 
have provided compelling evidence that link cancer risk and food habits. The 
consumption of fruits and vegetables as well as grains, has been strongly 
associated with reduced risk of cardiovascular diseases, cancer, diabetes, 
.\lzheimers disease, cataract and age related functional decline (Willett, 1994; 
Willett, 1995; Temple, 2000). Dietary consumption of foods and herbal medicines 
is a convenient method of administering potential chemopreventive 
phvtochemicals in a cost-effective manner. Numerous reports suggest a protective 
role for a diet rich in fruits and vegetables (I'err~• et al., 2001; van Duvn and 
Pivonka, 2000; Steinmetz and Potter, 1996). Overall, diets high in vegetables and 
fruits (>400 g/d) may prevent at least 20° o of all cancers. Some of the most 
convincing evidence of the health benefits of fruit and vegetable consumption 
relates to the reduced risk of gastrointestinal cancers, such as those associated with 
the mouth, pharynx, esophagus, stomach, colon, and rectum (Terry et al., 2001). 
The proposed mechanisms by which vegetables and fruits reduce cancer are 
multiple and complex. Various stages of carcinogenesis may be inhibited, and 
various in vitro or in nro systems are used to model these inhibitory effects in 
prcclinical studies. Therefore, it is logical to acquire compelling in i'itro data prior 
to performing tests with animal models, and it is necessary to isolate and 
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characterize active chemical principles before moving on to the animal model and 
clinical studies. Figure 1 shows the sources of some of the commonly used plant 
sources and figure 2 shows the chemical structures of some of the plant derived 
molecules under different phases of investigation. 
,several of these plant derived molecules are known to possess a wide spectrum of 
pharmacological properties. The area where plants and their constituents are 
considered to have a major impact on longevity and quality of life is in the 
chemoprevention of cancer. It has been recognized that the active principle of 
plant products are mainly secondary metabolites. Plants have an almost limitless 
ability to synthesize secondary metabolites, of which at least 12000 have been 
isolated, a number estimated to be less than 10% o of the total (Schultes, 1978). In 
many cases these substances serve in plant defense mechanism against predation 
by microorganisms, insects and herbivores. The cancer inhibitory action of a 
variety of human nutrients derived from plants as well as non-nutritive plant 
derived constituents (phytochemicals) has been confirmed in different animal 
tumor models (I)ragsted et al., 1993; Pezzuto, 1996) and has led to an increased 
emphasis on cancer prevention strategies in which these dietary factors are 
utilized. Pol}phenols are widely distributed plant derived dietary constituents and 
have been implicated as the active components in a number of herbal and 
traditional medicines (Wollenwveber, 1988). 
Cells in humans and other organisms are constantly exposed to a variety of 
oxidizing agents termed as free radicals / reactive oxygen species (ROS). Damage 
to DNA by ROS has been widely accepted as a major cause of cancer (Ames, 
1983). Due to highly reactive nature, they can cause oxidation of various 
biomolecules such as DNA, proteins and lipids resulting in cellular injury and 
death (Freidovich, 1999; M1cCord, 2000). Cells utilize a number of antioxidant 
defense systems (both enzymatic and non-enzymatic) to prevent the accumulation 
of ROS and to keep themselves in a state of rcdox homeostasis (Klaunig and 
Kamendulis, 200.1; Clarkson and Thompson, 2000). However, under the 
condition of imbalance in redox status, high levels of ROS can induce apoptosis 
2 
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(Lau et al., 2U04), whereas chronic iow levels of R( )S promote cardiovascular 
diseases (Barchowskv ct al., 1996) and carcinl i c•nc si . {] .au ,►nil (Inl, 2O((6. 
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Thus, to prevent or slow down the oxidative stress induced by free radicals, 
sufficient amounts of antioxidants are needed to be consumed. The non-nutritive 
secondary metabolites arc considered as effective antioxidants. These include 
terpenes and terpenoids, polvphenols, and carotenoids that may help protect the 
cells from oxidative damage, thereby lowering the risk of chronic diseases. Cancer 
development is a long term process and proceeds through sequential 
morphological changes from normal, preneoplastic, and premalignant lesions to 
highly malignant neoplasms. It is believed that constituents of plant products have 
the ability of inhibiting all three stages of chemical carcinogenesis, namely tumor 
initiation, promotion and progression (fang et al., 1997). 
Next to water, tea is the most popular beverage consumed in the world and is 
distinguished by the presence of a group of polyphenols called catechins. A 
growing body of evidence from laboratory animal studies demonstrates that tea 
consumption has an inhibitory effect on carcinogenesis at various organ sites. For 
example, oral administration of tea infusion can inhibit the development of 
experimental rodent skin tumors (Wang et al, 1992), growth of implanted tumor 
cells (Hera et al., 1989), invasion and metastasis of malignant tumors (Liu et al., 
2001; Kuroda and Hara, 1999) and angiogenesis (lung  and Ellis, 2001; Cao and 
Cao, 1999). Four major green tea components are epigallocatechin-3-gallate 
(EGCG), epigallocatcchin (EGG), epicatechin-3-gallate (ECG), and epicatechin 
(EC), all of which are also present in black and other teas. The mechanisms by 
which tea pol}•phenols may act include inhibition of mutagenesis (Nluto et al., 
1999; Okuda et al., 1984; Kuroda, 1996), genotoxicity (Sasaki et al., 1993; Xu et al., 
1996), transformation (Komatsu et al., 1997; Komatsu et al., 1994), cell 
proliferation (Ahmad et al., 2000; hang et al., 1999) and angiogenesis dung and 
Ellis, 2001; Cao and Cao, 1999). This compound has been shown to exert anti-
carcinogenic effects in a diverse array of animal and cell culture models. Surh and 
Chun (2007) have summarized mechanistic and anti-carcinogenesis studies 
conducted with curcumin, of which inhibition of tumor promotion is 
predominant. Curcumin inhibits 12-O-tctradecanovl-phorbol-13-acetate-
induced inflammation, hvperplasia, proliferation, ornithine decarboxvlase, 
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reactive oxygen species (ROS) generation, COX, and lipoxvgenase in mice. 
Curcumin has synergistic activity with genistein (Verma et al., 1997), green tea 
(Khafif et al., 1998), and embelin (Sreepriva and Bali., 2006), and enhances the 
efficacy of the anti-cancer drugs 5-fluorouracil (5-FU) (Koo et al., 2004) and 
gemcitabine (Kunnumakkara et al., 2007), and the yinca alkaloid vinorelbine (Sen 
et al., 2005). Similarly, because of its potent antioxidant effect, lvcopene has drawn 
much attention as a cancer preventive agent. Population studies have shown that 
high intake of lycopene is inversely associated with the incidence of certain types 
of cancers, including those of the digestive tract, prostate, and cervix. 
Consumption of tomato products may prevent disease progression in benign 
prostate hrperplasia (BPH) and prostate cancer (Schwarz et al., 2008; Kim et al, 
2003). A combination of vitamin E, selenium, and 1v-copene dramatically inhibited 
prostate cancer development and increased disease-free survival in an animal 
model (Venkateswaraii et al., 2004). The anti-tumor activity of thvmoquinone 
(TQ) seems promising both for chemoprevention and preventing drug-induced 
toxicity. Additionally, this compound exhibits selectivity to cancer cells, since 
normal human pancreatic ductal epithelial cells and mouse keratinocvtes are 
resistant to the apoptotic effects of TQ (Banerjee et al., 2009; Gali-Mluhtasib et al., 
2004). 
There arc many other nutritive and non-nutritive plants and natural compounds 
currently under investigation for their potential cancer chemopreventive effects. 
These include ellagic acid, some triterpenes (such as lupeol, betulinic acid, 
ginsenosides, oleanolic acid, etc), and ginkolide B. Among the triterpenes, lupeol 
(Chaturvcdi et al., 2008) and betulinic acid (Cichewicz et al., 2004) have been 
extensively investigated for their chemopreventive activities (Chaturvedi et al., 
2008) and showed a broad spectrum of activity against multiple cancer types in 
both cell culture and animal models. Ginko biloba extracts and its constitutent 
ginkolide B also have been tested for their chemopreventive activities and showed 
some promise against several cancer types (Ye et al., 2007; DcFcudis et al., 2003). 
Further, natural compounds have been presumed to be safer than synthetic 
compounds due to their presence in the diet, wide availability and tolerability. 
8 
Introduction 
Moreover, since these molecules have simple molecular structutes and relatively 
low toxicity, they offer a promise for designing new drugs as anticancer, and-
infective agents and many other therapeutic agents (Table 1). 
Table 1: Drugs based on natural Products at different stages of development. (Haney, 
2008) 
Developmental Plants Bacterial Fungal Animal Semi- Total 
stage synthetic 
Precinieal 46 12 7 7 27 99 
Phase I 14 5 0 3 8 30 
Phase 11 41 4 0 10 11 66 
Phase III 5 4 0 4 13 26 
Pre-registraflon 2 0 0 0 2 4 
Total 108 25 7 24 61 225 
Biosynthesis of secondary metabolites 
Phytochemicals are chemical compounds formed during the plants normal 
metabolic processes. These chemicals arc often referred to as "secondary 
metabolites" of which there are several classes including alkaloids, flavonoids, 
coumarins, glycosides, gums, polysaccharides, phenols, tannins, terpenes and 
terpenoids (Harborne, 1973; Okwu, 2004). Secondary metabolites of plants 
execute a vast array of important functions in plants (Croteu et al., 2000). They are 
present in a variety of plants utilized as important components of both human and 
animal diets. These include fruits, seeds, herbs and vegetables (Okwu, 2004). 
These metabolites often have an ecological role in regulating the interactions 
between plants, microorganisms, insects and animals. They can be defensive 
substances, antifeedants, attractants and pheromones. The secondary metabolites 
are derived from branch points with primar - metabolism. The major classes of 
secondary metabolites and some of their biological properties are discussed below. 
• Terpenoids and steroids 
The terpenoids form a large and structurally diverse family of natural products 
derived from C5 isoprene units joined in a head-to-tail fashion (figure 3). Typical 
structures contain carbon skeletons represented by (Cs),., and are classified as 
hemiterpenes (Cs), monoterpencs (Cia), scsduiterpenes (C15), diterpenes (Co), 
sesterterpencs (Cgs), triterpenes (C30)  and tetraterpenes (C40) (Figure 1.2). 
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Tcrpcnoids and steroids have been known for several centuries as components of 
fragrant oils obtained from leaves, flowers and fruits. Monoterpenes, with 
scsquitcrpenes are the main constituents of essential volatile oils. 
Essential oils have been seen to induce cytotoxicity in bacteria and eukarvotes as a 
result of collapse of the proton pump and depletion of the ATP pool (Richter and 
Schlegel, 1993; Novgorodov and Gudz, 1996; Vcrcesi et al., 1997; Knobloch ct al., 
1989; Sikkema et al., 1994; Hclandcr et al., 1998; Ultec ct al., 2002; Di Pasqua et 
al., 2006; Turina et al., 2006). Essential oils have also been found to coagulate in 
the cytoplasm (Gustafson et al., 1998) and damage lipids and proteins (Ultee et al., 
2002; Burt, 2004). Permeabilization of outer and inner mitochondrial membranes 
leads to cell death by apoptosis and necrosis (Moon et al., 2000; Armstrong, 2006). 
It seems that chain reactions from the cell wall or the outer cell membrane invade 
the whole cell, through the membranes of different organelles like initochondria 
and peroxisomes. Thcsc effects suggest a phenolic-like prooxidant activity 
(Sakagami and Satoh, 1997; Cowan, 1999; Pukumoto and Mazza, 2000; Sakihama 
et al., 2002; Burt, 2004; Barbehenn et at, 2005). Because of a great number of 
constituents, the essential oils seem to have no specific cellular targets (Carson et. 
al., 2002). 
Geraniol, a major component of geranium, rose, citronella and lemon oils, has 
been shown to possess insecticidal Qeon ct al., 2009; Traina ct al., 2005), 
antimicrobial (Si et al., 2006; Inouye et al. 2001), antioxidant (Tiwari and Kakkar, 
2009), anticancer Burke et al., 1997; Wiseman et al., 2007) and anti-inflammatory 
properties (ji et al., 2002). Isomer of geraniol, linalool, found in the oil of a garden 
herb, clary sage, has also been reported to have anti-inflammatory, andnocicepdve 
and analgesic effects (Deana et al., 2003). The anti-inflammatory property of citral, 
a constituent of lemon oil, has been shown to be a result of regulation of COX-2 
activity. Herbs, including the mints, the sages and rosemary, ate the source of 
many terpenes. Menthol possesses useful physiological properties including local 
anaesrheric and refreshing effects. A number of diterpenoids possess antitumour 
activity (Wang et al., 2011; TA et al, 2011). One of these, paclitaxel, was originally 
obtained from the bark of the Pacific yew, Taxer brevi vlia, but it is now made 
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semi-synthetically from more readily available taxanes. Studies on the mechanism 
of action of paclitaxel revealed that it blocks depolymerization of microtubules 
(Schiff et al. 1979). It possesses powerful activity against a number of tumors and 
it is used in the treatment of breast and ovarian cancer. On the other hand, some 
of the diterpenoid constituents of Euphorbia species have powerful skin irritant 
and co-carcinogenic properties. 
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phosphate 
Hemiterpenes (C;) 
	
OPY 	 UYP 
dimethylallyl PP isopentenyl PP 
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Figure 3: Terpenoids and steroids biosynthesis pathway. 
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Diosgenin, a steroidal sapogelun from the Mexican yam, and hecogenin, from 
sisal, are used as starting materials for the partial synthesis of the steroidal 
hormones (Xu et al., 2003). The steroidal alkaloids, such as solasodine, occur in 
plants of the Solanaceae, including tomato and potato. A number of plant steroids 
possess a useful pharmacological activity- such as antiproliferative (Perrone et al., 
2012) and cardioprotective activity (D'Urso et al., 2008). These include the digitalis 
glycosides (cardenolides) from the foxglove, Digitalis Janata. These are used in the 
treatment of heart failure. 
• Alkaloids 
Some of the first natural products to be isolated from medicinal plants were 
alkaloids. The alkaloids arc a highly diverse group of natural products related only 
by the presence of organic nitrogenous bases. They are derived from unrelated 
pathways (figure 4). Alkaloids are found mainly in plants, but also to a lesser 
extent in microorganisms and animals. One or more nitrogen atoms are present, 
typically as primary, secondary, or tertiary amines, and this usually confers basicity 
to the alkaloid. However, the degree of basicity varies greatly, depending on the 
structure of the alkaloid molecule, and the presence and location of other 
functional groups. Indeed, some alkaloids are essentially neutral. Alkaloids 
containing quaternary amines are also found in nature. The biological activity of 
many alkaloids is often dependent on the amine function being transformed into a 
quaternary system by protonation at physiological pHs. Many alkaloids have 
neuroactive properties and interact with the receptors at nerve endings. This is not 
surprising, since many alkaloids have fragments buried within their overall 
structure which resemble the natural substances (the neurotransmitters) that bind 
to these receptors. The antidepressant activity of piperine has been related to its 
ability to scavenge ROS in corticosterone-induced neurotoxicity in PC-12 cells 
(Mao et al., 2011). Piperine and the cis-cis isomer, chavicine, are found in the fruit 
of the pepper Piper nigrum, and are responsible for the sharp taste of pepper. The 
fruit of the betel palm, /Ire a catechu, produces a mild stimulant, arecoline 
(Yoganathan, 2002). 
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Figure 4: Overview of the plant secondary metabolism showing the interrelationships 
between the different pathways. (From: Edwards and Gatehouse, 1999) 
The coca plant, Er}thro lon coca, is known for the production of cocaine, has as a 
paralyzing effect on sensory nerve endings and produces a sense of euphoria. The 
roots, leaves and berries of a number of poisonous plants of the Solanaceae, 
including deadly nightshade (Atropu belladonu), henbane (Hyostyyumrms niger) and 
thorn apple (Datrrra stramonium), have been a rich source of therapeutically 
important tropane alkaloids (lialandrin et al., 1993). These plants provided some 
of the hallucinogenic `sorcerer's drugs" of the Middle Ages. Atropine and the 
related epoxide, scopolamine, are two examples with a powerful biological activity 
(Wu et al., 2011). Atropine dilates the pupils of the eye and its derivatives are used 
in opthalmology. The tobacco plant, i\'icotiunu laba um, produces the toxic alkaloid 
nicotine, which is the major neuroactivc component of tobacco smoke (Purkis et 
al., 2011). Moreover, nicotine is suggested to exert either non-receptor-mediated 
biological cffects or, more importantly, act on the different subtypes of nicotinic 
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brain receptors, in particular those associated with the nigrostriatal dopaminergic 
pathway, thus presenting its therapeutic potential for Parkinson's disease (Iluriez 
et al., 2011). There arc many alkaloids that are derived from simple 
phenylalkylamine C6—C3 units. The Chinese medicinal herb, Epiiedru ,anica, has 
been used for many years for the alleviation of bronchial problems (Li et al., 2004; 
Lee, 2011). The herbal composition GGEx18 from Larminaria japonica, Kfewu 
pabvatunn, and Ephedra sinira has been shown to reduce obesity via skeletal muscle 
AMPK-stimulated expression of PPARa and its target enzymes for fatty acid 
oxidation (Shin et al., 2011). Extraction of the plant gave ephedrine and its 
epimer, pseudoephedrine. Alkaloids such as mescaline have been found in 
hallucinogenic plants such as the Mexican peyote cactus, Lop hophora wil&imsiu: The 
benzylisoquinoline alkaloids, which are formed via phenylalanine or tyrosine, are 
widespread. They have been found in various plants from the Annonaceac, 
Lauraceac, Rhamnaceae, Ranunculaceae and Papaveraceae families. The best 
known source of these alkaloids is the opium poppy, Papaver .rnrani/ tw n, in which 
they co-occur with the more complex morphine series (Ziegler et al., 2009). 
Typical examples include papaverine, which has been used as a muscle relaxant. 
Berberine is a yellow pigment from Berberis and Mahonia species which was used 
as a mild antibiotic in the treatment of sores (Imanshahidi and Hosseinzadeh, 
2008). In addition to neuroactive properties, a number of naturally-occurring 
alkaloids are important drugs in the control of various cardiovascular conditions. 
Quinidine, isolated from the bark of Cinchona tree, is an important anti-arrhythmic 
drug. Reserpine is known to possess antihypestcnsive propertics and papavcrinc is 
used as a peripheral vasodialator, In addition, theophylline, a xanthine alkaloid, is 
an important bronchodilator used to control asthma in children. 
Phenylpropanoids 
The shikimate pathway provides an alternative route to aromatic compounds, 
particularly the aromatic amino acids L-phem-lalanine, L-tyrosine and L-
tryptophan (figure 4). This pathway is employed by microorganisms and plants, 
but not by animals, and accordingly the aromatic amino acids feature among those 
essential amino acids for humans. Phenvlalanine and tyrosine form the basis of 
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C6C3 phenylpropane units found in many natural products, e.g. cinnamic-acids, 
coumanns, lignans, and tlavonoids, and along with tr ptophan are precursors of a 
wide range of alkaloid structures. In addition, it is found that many simple benzoic 
acid derivatives, e.g. gallic acid and p-arninobenzoic acid (4-atWinbenzoie acid) 
ate produced via branch points in the shikimate pathway. 
Phenolic compounds, including their subcategory, flavonoids and other plant 
derived antioxidants have demonstrated protective effects in carcinogenesis. 
Epidemiologic studies have consistently demonstrated an inverse relationship 
between flavonoid consumption and risks for certain types of cancer (Russo, 
2007). Numerous studies have reported flavonoid mediated antiprolifetadve 
effects against human and rodent ovarian, leukemic, intestinal, lung, breast and 
bladder cancer cells. For example, quercetin strongly suppresses transformed 
OVCA 433 human ovarian cancer cell growth. Moreover, quercetin inhibits 
normal proliferation in cultured primary ovarian adenocarcinoma tumor cells 
(Scambia 	et 	al., 1994 a, b). At low concentrations, quercetin inhibits DNA 
synthesis and growth in HLGO human promi•elocvtic leukemia cells (Uddin and 
Choudhry, 1995; Kang and Liang, 1997). The citrus flavonoid rangeretin 
suppresses HLGO proliferation (measured as tridated thymidine incorporation into 
DNA) even more strongly (Hirano et Al., 1995), while genistein is inhibitory at 
concentrations similar to conventional anticancer drugs such as dcoxorubicin and 
methotxexate (Hirano et al., 1994). Genistein, kaempferol and quercctin inhibit the 
proliferation of human colon cancer cells Caco-2 and HT29 (Agu110 et al., 1994; 
Kuo, 1996). Curcumin is cytosratic in several hormone dependant (MCF-7 and T-
47D) and independent (SK-BR3, BT-20 and MDA-231) breast tumor cell lines 
(blchta et aL, 1997) while genistein and quetcetin, in addition to their 
antiprolifcrative action, appear to alter the metastatic potential of rat breast 
adenocareinoma cells, measured as a reduced ability to migrate within collagen 
matrix (Lu et al., 1996). Quercetin inhibits tritiated thymidine uptake and 
proliferation in several non-small-cell lung carcinoma cell lines and reduces 
bromodeoxyuridine incorporation in primary lung tumor slices (Caltagirone et al., 
1997). 
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■ Polyketides and fatty acids 
Polvketides constitute a large class of natural products grouped together on purely 
biosynthetic grounds. Their diverse structures can be explained as being derived 
from poly-~3-keto chains, formed by coupling of acetic acid (C2) units via 
condensation reactions, 
i.e. nCH3CO2H —► [CH;COj„— 
Included in such compounds are the fatty acids, polvacetvlenes, prostaglandins, 
macrolide antibiotics and many aromatic compounds, e.g. anthraquinones and 
tetracyclines. 
Putative chemopreventive and anticancer activity of plant derived 
molecules 
Carcinogenesis is an extremely complex process and generally described as 
initiation, promotion and progression. In carcinogenesis, cells undergo 
transformation, acquiring specific characteristics enabling the development of full 
malignancy. These features include self-sufficiency in growth signals, insensitivity 
to groxvth-inhibitory signals, evasion of apoptosis, limitless replicative potential, 
sustained angiogenesis, and tissue invasion and metastasis. Ultimately, these 
acquired characteristics of cancer are underpinned by genomic instability due to 
environmental stress. The loss of function in cells to repair DNA damage and 
ensure correct chromosomal segregation during mitosis enables evolving 
populations of premalignant cells to develop the characteristic hallmarks of 
cancer. These underlying principles represent prime targets for chemopreventive 
interventions. An anticancer agent should be able to interfere with one or more of 
the phases of carcinogenesis (Russo, 2007). Chemopreventive activity is often the 
result of a combination of several distinct intracellular events, as opposed to a 
single biological response (Surh, 2003; Milner, 2008). This has led to a substantial 
increase in interest in the anticancer and chemopreventive properties of plant 
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derived products. The most important mechanisms proposed can be subdivided 
into the following aspects: 
Antioxidant activity 
In a normal living cell, a finely balanced redox homeostasis exists, whereby the 
level of ROS is counteracted by antioxidant defense systems. Increased levels of 
reactive species have been clearly implicated in the development of cancer with 
direct damage of DNA proposed as the primary mechanism (Evans et al., 2004). 
Antioxidants may be characterized as inhibiting the generation of ROS or direct 
scavenging of free radicals. Through this process, antioxidant compounds 
themselves become radicals, though much less reactive, preventing damage to 
cellular biomolecules (Evans et al., 2008). Antioxidant action also extends to 
numerous other cellular physiological processes, including modulation of signal 
transduction, regulation of gene expression of detoxifying and antioxidant 
enzymes, and factors affecting vascular homeostasis (Frankel and German, 2006). 
Interestingly, antioxidants also have a role as prooxidants (discussed below). 
Repeated mild stress may shift the defense system to a higher stead- state, 
producing an adaptive beneficial effect on the cell (Moskaug et al., 2005). For 
example, luteolin, kaempferol, quercetin and my-ricetin at relatively low 
concentrations (50-100 tM), significantly reduce DNA strand breakage and 
oxidized prrirnidine levels in H202-stressed lymphocytes (Duthie et al., I997a, b; 
Noroozi et al., 1998). Similarly, tea polvphenols decrease the incidence of hydroxvl 
radical-generated chromatid breaks in lymphocytes exposed to fluorescent light 
irradiation (Parshad et al., 1998). The number and positioning of the hvdroxvl 
groups in the flavonoid structure appear to be important to the antioxidant and 
cvtoprotective potential of the compound. There are also many studies with 
Caco-2 cells, which arc generally accepted as a good model for normal human 
colonocytes, which indicate a cvtoprotective ability of flavonoids against oxidative 
DNA damage (Raeissi et al., 1997; Ricchi et al., 1997; Venturi et al., 1997; Duthie 
and Dobson, 1999). 
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Antiinflammatory activity 
Inflammation and chronic inflammatory mechanisms have been implicated in the 
development of major chronic conditions of old age, including cancer and 
atherosclerosis (Finch and Crimmins, 2004). It is generally accepted that 
significant links between inflammation and cancer exist. Chronic inflammatory 
states may be triggered by microbial infections, autoimmune disease, or 
inflammation of unknown origin, and 15-20°%% of all deaths from cancer are 
estimated to be linked with underlying infection or inflammatory responses. Non-
steroidal anti-inflammatory drugs are also known to reduce the risk of developing 
certain cancers and the associated mortality (Balkwill and Mantovani, 2001; 
Johnson, 2007). EGCG has demonstrated an anti-inflammatory effect, through 
the inhibition of the NF-KB signaling pathway. It is able to increase IkB levels 
while inhibiting NF-KB nuclear translocation in mice at doses of 20-50 mg/kg 
body weight (Khan and \lukhtar, 2008). EGCG also inhibits the expression of 
iNOS and COX-2 and subsequent NO and PG1~2 production (Chen and Zhang, 
2007) without affecting COX-1 expression in vitro (Shankar et al., 2007). 
Quercetin has also been found to inhibit NE-KB, iNOS, and COX-2 activity, 
although at high doses, impacting its potential to be useful in vivo. The impact of 
prolonged exposures to micromolar concentrations of quercetin has also not been 
assessed (Davis et al., 2009; Ossola et al., 2009). Genistein is another 
photochemical that inhibits NE-KB activation and COX-2 expression (Banerjee et 
al., 2008). 
Induction of cell cycle arrest 
In cancer, normal cell growth and behavior is lost and alterations in the regulation 
of cell cycle have been described (Hartwell and Kastan, 1994). "i'hus, any 
perturbation of cell cycle specific proteins by phvtochemicals can potentially affect 
and block the continuous proliferation of tumorigenic cells (' aldman et al., 
1997). Many of the naturally derived anti-cancer agents were originally discovered 
using assays largely based on testing for cytotoxic activity against cancer cell lines 
grown either in vitro or using in vito models. These compounds have been shown 
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to exert their cytotoxic action through interaction with tubulin, and include agents, 
such as vinblastine, vincristine, colchicine, combretasrarin and maytansine which 
promote the depolymerisation of tubulin Cordon et al., 1991; Lobert et al., 1996), 
while, in the case of the taxanes, rnicrotubuless are "bundled" as a result of 
stabilization against dcpolymcrization (Abdal et a1., 2003). Other important 
examples are the camptothecin derivatives, topotecan and irinotecan, which exert 
their cytotoxic action through inhibition of topoisomezase I (Beretta et al., 2011). 
There are over 2000 kinases so far identified from genomic studies and all have a 
common site, the position where the ATP is bound (Cragg and Newman, 2005). 
The moderately anti-tumor active flavonoid, quercetin, is an early example of a 
natural product compound class that ultimately led to cyclin dependent kinasc 
(Cdk) inhibitors. This flavanoid resembles an ATP-mirruc where the planar 
bicyclic chromone ring system is an isostexe of adenine. Quexcetin exerts its anti-
tumor effect through blocking cell cycle progression at the GO/Cl interface, 
consistent with Cdk inhibition, and a close analogue, myricetin, shows an IC50 
close to 10 µb1 versus Cdk2. Flavopmdol showed about a 100-fold more 
selectivity for Cdks compared to its activity for tyrosine kinases, and was the first 
compound identified by the National Cancer Institute (NCI) as a potential anti-
rumor agent that subsequently was proven to be a relatively specific Cdk inhibitor 
(Cragg and Newman, 2005). 
Induction ofapopzosis 
Apoptosis is arguably one of the most potent forms of defense against cancer 
(Ghavami et al., 2009). The cellular mechanisms by which apoptosis occur are 
highly conserved, and mutations with the apoptosis machinery is common to 
virtually all cancers, underscoring its importance in carcinogenesis (Sun et al., 
2004). Apoptosis typically progresses through I of 3 pathways: the extrinsic 
pathway, the intrinsic pathway, or the granzyme B (GrB) pathway (Boivin et al., 
2009). Briefly, the extrinsic pathway involves induction via the activation of death 
receptors on the cell surface. The intrinsic pathway relies on an increase in 
mitochondrial permeability and cytochrome ,release. The granzyme B pathway 
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involves the exposure of sensitive target cells to the cytotoxic cell protease 
granzymc B (Ghawami et al., 2009 
EGCG in particular is able to induce apoptosis in many cancer cells, whilst 
sparing the relevant normal cells, through an increase in pro-apoptotic Bcl-2 
family proteins (Khan and Mukhtar, 2008). Similarly, quercetin is able to inhibit 
cellular proliferation in many cancers through the induction of the intrinsic 
apoptosis pathway. It activated both caspase-3 and -9 but not caspasc-8 and also 
increased the proapoptotic Bcl-2 family proteins. Experiments in animals have 
also used diets with composition of quercetin (0.01-2°o) that might be reasonable 
in humans (Nlurakami et al., 2008). Genistein also induces cell cycle arrest and 
apoptosis in various cell lines. This occurs via the mitochondrial dependent 
pathway with cytochrome release and caspase-3 and -9 activation (Banerjee et al., 
2008). 
Prooxidant effect 
Most of the pharmacological properties of putative plant derived anticancer agents 
are considered to reflect their ability to scavenge endogenously generated oxygen 
radicals or those free radicals formed by various xenobiotics, radiation etc. 
However, some data in the literature suggests that the antioxidant properties of 
these compounds may not fully account for their chemopreventive effects and 
therapeutic properties (Ahmad et al., 1992; Gali et al., 1992). Of particular interest 
is the observation that several antioxidants have been found to induce apoptosis 
in cancer cell lines but not in normal cells (Clement et al., 1998; Ahmad et al., 
1997; Chang et al., 2008). It is generally understood that antioxidants counteract 
ROS production and inhibit the latter-induced oxidative I)N.\ damage and 
therefore reduce the risk of cancer. On the other hand, growing experimental 
evidence suggests that antioxidant-mediated production of ROS (prooxidant 
action) may be responsible for their ability to induce apoptosis of cancer cells 
(Qian et al, 2009; Hadi et al., 2007; Hadi et al., 2000). On the basis of the studies 
carried out in this laboratory we have proposed a novel prooxidant action 
mechanism for the cvtotoxic action of plant derived pokphenolic antioxidants, 
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which has implications for their chemopreventive properties against cancer. It has 
been reported that several chemoprcventivc agents that are antioxidants at some 
concentrations become prooxidants at other concentrations (Lee and Park, 2003). 
Moreover, the antioxidant/prooxidant ability of antioxidant depends on the milieu 
where it is present (El-Najjar et al., 2010). Compared with normal cells, 
prencoplastic cells and neoplastic cells have been shown to contain elevated levels 
of copper (Gupte and Mumper, 2008) and may be more sensitive to electron 
transfer with antioxidants to generate ROS. Therefore DNA damage induced by 
antioxidants in the presence of redox active metal Cu(II) may be an important 
pathway through which preneoplatic cells and neoplastic cells can be killed while 
normal cells survived (Ullah et al., 2009). 
Essentially this would be an alternative, non-enzymatic and copper-dependent 
pathway for the cvtotoxic action of certain anticancer agents that are capable of 
mobilizing and reducing endogenous copper. AS such this would be independent 
of Fas and mitochondria mediated programmed cell death. It is conceivable that 
such a mechanism may also lead to internucleosomal DNA breakage (a hallmark 
of apoptosis) as intcrnucleosomal spacer DNA would be relatively more 
susceptible to cleavage by ROS. Indeed such a common mechanism better 
explains the anticancer effects of polrphenouc antioxidants with diverse chemical 
structures as also the preferential cytotoxicity towards cancer cells. 
Gossypol 
Gossypol is a sesyuitcrpenc aldehyde, which is formed metabolically through 
acetate via the isoprenoid pathway (Burgos et al., 1997). Gossypol is present in the 
seed, roots, and stem of the cotton plant (Goy9pinm .p.) (figure 5). It is the major 
constituent of cotton seed oil. It is a yellow pigment similar to flavonoids in 
structure. In the plant, it acts as a natural defensive agent against predators, 
provoking infertility in insects. In the 19 Os, the Chinese government began 
researching the use of gossvpol as a contraceptive. Their studies involved over 
10,000 subjects, and continued for over a decade. They concluded that gossypol 
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provided reliable contraception, could be taken orally as a tablet, and did not upset 
men's balance of hormones. Similar research into using it as an alternative to 
vasectomy still continues in Austria, Brazil, Chile, China, the Dominican Republic 
and Nigeria (Coutinho, 2002). The different biological activities exhibited by 
gossvpol are discussed below. 
Antioxidant property 
Gossypol is a pol}-phenolic compound from the viewpoint of its chemical 
structure. Like many other phenolic chemicals, such as butylated hydroxytoluene 
(BHi), coumaric acid, gallic acid, querceun, myricetin, catechin, gallocatechin, 
etc., gossypol is an effective and potent natural antioxidant. For example, gossypol 
was found to be able to protect carotene in vitro against preformed fat peroxides 
many decades ago (Hove, 1944; Hove and Hove, 1944). Gossypol is able to 
inhibit rat liver microsomal peroxidation, caused by an incubation with 
ferric/ascorbate (IC50 < 0.1 1i1M (Laughton et al., 1989). Gossvpol also exhibited 
a significant positive effect on oil and biodiesel stability. With a concentration of 
0.10 o gossypol, the oxidative stability indices (OSI) of cottonseed oil biodicscl 
could increase to 17.2 h from 4.15 h at 110 °C (Fan et al., 2008). In some cases, 
modification of the functional groups on gossypol may not affect its original 
chemical and biological activities (Bickford et al., 195.1; Hove, 1944). Bickford and 
coworkers (1954) also found the other Schiff base-formed gossypol derivatives, 
gossrpol-urea, goss}pol-aminobenzene-thiol, and gossvpol-glycincindicates, have 
roughly equivalent antiosidative ability to gossypol on a molar basis. Gossypol 
bis(piperinocthvlimine) and bis(morpholinocthylimine) also showed potent 
antioxidant action in human blood serum and rat brain svnaptosomes. At equal 
concentrations, these substances suppressed the peroxidation of lipids in 
enzymatic and nonenzvmatic systems regarding the oxidation of rat liver 
microsomes (Dalimov et al., 1989). On the contrary, in many other cases, the 
modification of phenolic hydroxyl groups on gossypol could significantly decrease 
the antioxidant abilities regarding free radical scavenging activity, reducing power, 
and DNA damage prevention activity (Wang et al., 2008), demonstrating that the 
hvdroxvl groups are critical for the antioxidative activities. The relative capability 
22 
Introduction 
of gossvpol and its methylated derivatives to prevent DNA damage caused by 
ultraviolet light and hydrogen peroxide was consistent with the compounds' 
antioxidant effects. This suggests that gossypol's protection of DNA may occur 
partially by quenching free radicals, therefore alleviating oxidative stress. A 
previous study (Li et al., 2000) also found that gossypol demonstrated the ability, 
in a dose-dependent manner, to protect supercoiled plasmid DNA from damage 
caused by exposure to Fe3+/ascorbate. 
Anti parasitic, anti protozoan activities 
Malaria is a vector-borne infectious disease caused by protozoan parasites. Human 
malaria is usually caused by the infection of Plasmodium flultiparum, Plasmodium 
maluriae, Plasmodium ovule, and Plasmodium iit'a. (Mendis, 2001). A series of gossypol 
derivatives with modified aldchvdic groups and hvdroxvl groups have been shown 
to inhibit the growth of Plasmodium fuleiparum (Razakantoanina et al., 2000; Rover 
et al., 1986). The derivatives with ethyl, propel, or isopropyl side chains as well as 
gossvlic nitrile 1,1'-divalcratc with IC50 values close to gossypol (IC50 =16 µ:if) 
showed stronger inhibition than other gossvpol derivatives against the growth of 
Plasmodium fuldpanim. Similarly, the inhibition of LDH activity in T. gondii can also 
inhibit growth of the parasite in cultures (Dando et al., 2001). Montamat and 
coworkers (1982) reported that a 5-min exposure to 100 .LM gossvpol (-50 ppm) 
immobilizes cultures of 7 panosoma crutii. Blanco et al. (1983) reported that a 30-
min exposure to 25 µif gossvpol (-12 ppm) immobilizes and alters the cell 
morphology of T. mir i. Later, Kalninskv and Zweygarth (1989) reported that, for 
three separate Ti)panosomu briicei strains (including one drug resistant strain), the 
IC50 value for a 24h gossypol exposure was >10 ppm. In the study of T. ru , 
gossvpol was also reported to inhibit some osidoreductases (Gcrcz de Burgos et 
al., 1984; Montamat et al., 1982), such as, alpha-hydroxyacid and malate 
dehvdrogenases, N AD-linked enzymes, and glutamate dehvdrogenase, glucose-6-
phosphate dehydrogenase, and NADP-dependent enzymes. 
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Anti-microbial, anti-viral activity 
The anti-microbial properties of gossvpol have been reported by several research 
groups. Gossvpol has general antifungal activities with LD50 values from 20 to 
100 ppm of pure gossvpol (Bell, 1967), and has an inhibitory effect on 
microorganisms including aerobic spore formers and lactobacilli and some yeasts 
(hlargalith, 1967). Vadehra et al. (1985) investigated the effects of gossypol on the 
growth of a variety of bacteria and on spore formation and germination in Bacillus 
cereus. It was found that gossvpol had more potent antibacterial properties against 
gram positive organisms than gram negative bacteria such as Pseudomonas aeruginosa, 
Salmonella spp., Klebsiellu pneumoniae, Sbigella spp., Proteus spp., and F_schericbia co/i. 
Subsequent research (Poprawski and Jones, 2001) found that fungi Paecilomy es 
%umosoro eus (associated with cutaneous and disseminated infections in dogs and 
cats) were highly tolerant to gossypol even at 500 ppm, but could be strongly 
inhibited at 1000 ppm of gossvpol. 
Lin et al. (1989 and 1993) reported that gossvpol inhibited the replication of 
HIV-1 and found (-)-gossvpol to be more inhibitory (IC50=5.2 µMI) compared to 
the (+)-gossvpol (IC50=5(J.7 µM1). Besides 1-1I V-1, gossvpol also showed anti-viral 
activity in multiple enveloped viruses including herpes simplex virus type 2 (HSV-
II), influenza virus, and parainfluenza virus (Vander J agt et al., 2000). Later, Rover 
et al. (1991) found that gossypol and its derivatives, gossvlic nitrile-1, l'-diacetate, 
gossvlic iminolactone, and gossvlic lactone inhibited the replication of HIS'-1 in 
vitro. Further, Rover and coworkers (1995) tested several other gossvpol 
derivatives for inhibition of HIV: 1, 1'-Dideoxvgossypol, 1, 1'-dideoxvgossvlic acid 
(DDG.1), 8-deoxvhemi -gossypol (DHG), and 8-deox hemigossvlic acid 
(DHGA). They found that DDGA was the most effective in inhibiting the 
replication of I-III' in vitro with EC50 < 1 1.&M. Meanwhile, DDG was less 
effective than DDGA. DHG showed some anti-HIS' activity, and DHGA was 
ineffective against HIV. Since all four gossvpol derivatives were found to have 
much lower affinities for albumin than the parent compound gossypol, this would 
possibly enhance the anti-virus activity of the gossypol derivatives in vivo with less 
interference from in vivo proteins. 
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Anti-cancer activity 
Gossvpol is capable of inhibiting the growth of a variety of cancer cell lines 
including breast, colon, prostate, and leukemia cells (Balci et al., 1999; Benz et al., 
1990; 1-luang ct al., 2006; Zhang et al., 2003). These disruptions include inhibition 
of cytoplasmic and mitochondrial enzymes involved in energy production (Ueno 
et al., 1988) and uncoupling of oxidative phosphorylation (Flack et al., 1993; 
Abou-Dona et al, 1974). In addition, depletion of cellular :V P has been 
demonstrated in cultured tumor cells (Kenity et al., 1989). Gossypol also inhibits 
key nuclear enzymes responsible for DNA replication and repair, including DNA 
polvmerase a (Rosenberg et al., 1986) and topoisomerase II, and blocks DNA 
synthesis in HeLa cells (Wang, 1984). Hou et al. (2004) found that goss}pol at 
50 µii for 6 h could induce DNA fragmentation in human promyelocytic 
leukemia cells (HL-60), a hallmark characteristic of apoptosis, and also induce the 
truncation of Bid protein, the loss of mitochondrial membrane potential, 
cvtochrome c release from mitochondria into cytosol, and activation of caspases-
3, -8, and -9. In human alveolar lung cancer cells, gosstiypol induced Fas/Fas ligand 
mediated apoptosis (Moon et al., 2008). The inhibitory activity of (-)-gossvpol was 
related to the reduction of the cell cycle regulator, cvclin D1, and the induction of 
the cell proliferation inhibitor, '1'GF-(3. In the study of human prostate cancer 
cells, it was found that (-)-gossypol-induced apoptosis was mediated by the 
regulation of Bcl-2 and caspase families (Huang et al., 2006). Another in vitro 
study (Mohammad ct al., 2005) demonstrated (-)-gossypol had significant 
inhibitive effects against the growth of lymphoma cell line 'SU-DLCL2 and 
fresh cells obtained from a lymphoma patient with no effect on normal peripheral 
blood lymphocytes. (-)-Gossypol also induced complete cytochrome c release 
from mitochondria, increased caspases-3 and -9 activity, and caused apoptotic 
death without affecting protein levels of Bcl-2, Bcl-X (L), Bax, and Bak. Recent 
research has revealed that (-)-gossypol acts as a BH3 mimetic, binding to the BH3-
binding domain in various pro-apoptotic proteins of the Bcl-2 family, displacing 
pro-death partners to induce apoptosis (Balakrishnan et al., 2008; :Meng et al., 
2008). (-)-Cross\Ipol exerts its antitumor activity through inhibition of the anti- 
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apoptotic protein Bcl-xL accompanied by an increase of pro-apoptotic Noxa and 
Puma (-Meng et al., 2008). Further work needs to be done to ascertain gossypol's 
pritnary mechanism of action. Currently, (—)-gossypol is being evaluated in phase I 
and II clinical trials as a single agent in B-cell malignancies and prostate cancer, 
and in combination with other antitumor agents in a variety of hematologic, 
lymphoid, and solid-tumor malignancies (Wan and Shore, 2008). 
Synthesis of gossypol derivative, apogossypolone 
The toxicity of gossypol does not permit it to be an effective antitumor agent. 
Nevertheless, gossypol represents a potentially interesting lead compound (Kitada 
et al., 2003; Zhang et al., 2009) for the synthesis of novel anticancer agents. The 
design and synthesis of gossypol analogs has become an exciting research area. 
Extensive attempts ro chemically modify gossypol to obtain therapeutic antitumor 
agents with greater potency and less toxicity have been performed. More than 50 
new analogues of gossypol have been synthesized to date (Dodou et al, 2005; 
Zhang et al., 2009). Unfortunately, none of them has been used in the clinic as an 
antitumor agent because of undesirable side effects, insolubility and a lack of 
selectivity against tumor cells. Based on the binding affinity of gossypol to protein 
it was observed that the two reactive groups in gossypol can combine with lysine 
residues of proteins to form Schiffs bases, which have been assumed to cause the 
toxicity of gossypol in animals and humans (Zhan et al., 2009). 
Apogossypolone (ApoG2) is a derivative of gossypol that was designed by 
Ascenta and later synthesized by Zhan cc al. (2009) (Elgure 6) in order to reduce 
the nonspecific reactivity and toxicity of gossypol and is currently in the precinical 
phase of testing. This modification involved the removal of two reactive aldehyde 
groups on the polyphenolc rings of gossypol and further addition of four 
quinonoid moieties. Current research shows ApoG2 is a potent inhibitor of Mel-1 
and Bcl-2 proteins. ApoG2 has recently been shown that it blocks binding of Bim 
and Bcl-2 and induces apoptosis in lymphoma cell lines with minimal toxicity 
(Mohamunadianpanah et al., 2009). Further it has also been shown that ApoG2 
induces apoptosis in follicular Small Cleaved Cell Lymphoma model, pre-B-acute 
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lvmphoblastic leukemia, mantle cell lvmphoma, marginal zone lymphoma, as well 
as chronic lvmphocvtic leukemia. 'Therefore, ApoG2 could potentially be a more 
effective drug in the lymphoma clinic spanning a greater array of patients (Arnold 
et al., 2008). Further, ApoG2 alone or in combination with adriamycin has been 
shown to induce apoptosis in human hepatocellular carcinoma cells (HI-IC) by 
down regulating anti-apoptotic proteins Bcl-2, Mcl-1, and Bcl-XL, up-regulating 
pro-apoptotic protein Noxa, and promoting the activities of caspases-9 and -3. 
Tumor growth in hepatoccllular carcinoma xenograft was inhibited in nude mice 
when ApoG2 was administered orally without causing damage to the normal 
tissues (`fi et al., 2008).:1poG2, also induces apoptosis and suppresses tumor 
growth in nasopharyngeal carcinoma xenografts (Sun et al., 2008). 
Thymoquinone 
Thvmoquinone (I Q) (figure 2) is the bioactive constituent of the volatile oil of 
black seed (54%) and was first extracted by El-Dakhakhany (1963). TQ has been 
shown to exert anti-inflammatory, anti-oxidant and anti-neoplastic effects both in 
vitro and in vivo. Several methods have been used to quantify the levels of TQ in 
black seed oil, such as gas chromatography (Houghton et al., 1995), high 
performance liquid chromatography (HPLC) (Ghosheh et al., 1999) and 
differential pulse polarography (Michelitsch and Rittmannsberger, 2003). TQ is 
not the only bioactive constituent of black seed oil; other pharmacologically active 
constituents, identified by HPLC, include dithymoquinone, thymohydroquinone 
and thvmol (Ghosheh et al., 1999). Other fractionated proteins of .\. saliva 
ranging in their molecular mass from 10 to 94 kDa were purified by ion exchange 
chromatography and have also been found to be bioactive (Haq et al., 1999). 
Biological functions 
Many investigators have shown that the growth inhibitory effects of TQ are 
specific to cancer cells (Gali-Niuhtasib et al., 2004a&b; Shoieb et al., 2003; 
Worthen et al., 1998). TQ showed significant anti-neoplastic activity against 
human pancreatic adenocarcinoma, uterine sarcoma and leukemic cell lines, while 
4 
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it is minimally toxic to normal cells (Worthen et al., 1998). The multidrug-resistant 
variants of human pancreatic adenocarcinoma, uterine sarcoma and leukemic cell 
lines, which are over 1U-told more resistant to the standard anti-neoplastic agents 
doxorubicin and etoposide as compared to their respective parental controls, were 
equally sensitive to TQ (Worthen et al., 1998). TQ also exerts anti-oxidant effects 
and inhibits inflammation in animal models and cell culture systems (Mansour et 
al., 2002). Despite this knowledge about the potent anti-cancer, anti-oxidant and 
anti-inflammatory effects of '1'Q, the molecular pathways involved in its activities 
are not well understood. 
Effects on the immune system 
Oxidative stress and inflammatory disorders arc now widely known as the major 
pathogenetic factors of carcinogenic malignant transformation (Coussens and 
\V'erb, 2002). Several studies point to the effect of black seed and "1'Q on the 
immune system by modulating the levels of pro- and anti-inflammatory mediators 
(Badary et al., 2003). TQ has also been shown to inhibit inflammation and 
oxidative stress in cells (Houghton et al., 1995; Mansour et al., 2002). The anti-
inflammatory effect of black seed has been found to be comparable to that of 100 
mg/kg aspirin (A1-Ghamdi, 2001). The seeds produce an increase in the ratio of 
helper to suppressor T cells and enhance natural killer cell activity in healthy 
volunteers (IEl-Kadi et al., 1989).. recent study has shown that the intraperitoneal 
injection of black seed essential oil leads to significant anti-inflammatory activities 
against carrageenan induced paw edema in rats (Hajhashemi et al., 2004). Using a 
COX-2 assay, it has been shown that TQ (IC50 = 0.3 µM) is an inhibitor that is 
more potent than indomethacin (IC50 = 0.6 µ:QM of COX-2-catalyzed PGE2 
production (MIarsik et al., 2005). TQ treatment completely averted the acetic acid 
induced colitis in rats (Mahgoub, 2003). It has also been reported to inhibit TNF-
~3 production in murine septic peritonitis by TQ (Haq et al., 1999). Furthermore, 
TQ was found to reduce the NO production in supernatants of 
lipopolvsaccharide (LPS)-stimulated macrophages, without affecting their cell 
viability (El-Mahmoudv et al., 2002). In other studies, TQ has been reported to 
have potent superoxide anion scavenging abilities and to inhibit iron-dependent 
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microsomal lipid peroxidation (Badarr et al., 2003). The generation of superoxide 
anion (02-) by the xanthine/xanthine oxidise system was inhibited by TQ in a 
dose-dependent manner (IC50 = 3.4 Vii). This is promising considering the fact 
that O2 reacts With protein and non-protein sulfhydryls and polyunsaturated fats 
and initiates aromatic hydroxylation reactions, thus damaging cells and causing 
inflammation. 
Effect on apoptosis 
The induction of apoptosis in tumor cells is a key mechanism for the effectiveness 
of chemopreventive drugs. TQ has been shown to induce apoptosis by p53-
dependent (Gali-Muhtasib et al., 2004b) and p53-independent (El-Mandy et al., 
2005) pathways. In HCl'-116 human colon cancer cells, the pro-apoptotic effects 
of TQ are dependent on p53 (Gali-Muhtasib et al., 2004b), while in myeloblastic 
leukemia I-IL-60 cells, TQ-induced apoptosis is p53-independent and occurs 
through the activation of caspase 8, 9 and 3 (El-Mandy et al., 2005). "1'Q treatment 
of HCT-116 cells resulted in a marked increase in p53 and p21 protein levels and 
in a significant inhibition of the anti-apoptotic Bcl-2 protein (Gali-`Iuhtasib et al., 
2004b). Co-incubation with the specific p53-inhibitor, pifithrin-alpha, restored the 
m1ZNA and protein levels of Bcl-2, p53 and p21 to control levels and suppressed 
TQ-induced apoptosis. p53-null HCT-116 cells are less sensitive to TQ-induced 
apoptosis (Gali-Niuhtasib et al., 2004b). Furthermore, TQ induces apoptosis in 
osteosarcoma cells (Shoieb et al., 2003) and neoplastic keratinocytes (Gali-
Muhtasib et al. 2004a). By contrast, normal cells and primary mouse keratinocytes 
are resistant to the apoptotic effects of TQ (Shoieb et al., 2003; Gali-Muhtasib et 
al. 200.1a), and no significant alteration of their morphology and proliferation is 
observed, confirming the selectivity of this compound to cancer cells (Gali-
Muhtasib et al. 2004a). 
Effect on cell cycle 
There are only a few studies that have dealt with the effects of TQ on cell cycle 
and proliferation of cancer cells. Growth inhibition by TQ is associated with 
inhibition of DNA synthesis (Worthen et al., 1998) and induction of cell cycle 
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arrest (Shoieb et al., 2003). Recent studies have shown promising anti-neoplastic 
effects for TQ in neoplastic kerarinocytes (Gali-Nluhtasib et al. 2004a) and human 
colon cancer cells (Gali-Muhtasib et al., 2004b). The mechanism of anti-
proliferation in papilloma cells was triggered by the induction of GI cell cycle 
arrest and the restoration of p16 protein levels. Treatment of mouse papilloma 
cells with 30 µM TQ caused a 22% increase in the number of cells in the GI 
phase within 24 h. TQ-induced G1 arrest was associated with sharp increases, 
from null to 10- fold, in p16 protein levels as early as 2h after treatment, and this 
increase was sustained for up to 24 h (Gali-Muhtasib et al. 2004a). The latter is of 
special interest considering the fact that the modulation of p16 expression 
increases tumor sensitivity to chemotherapeutic drugs (Hochhauscr, 1997). On the 
other hand, TQ treatment of the more aggressive mouse spindle cancer cells 
caused G2/M arrest (38% increase), which was accompanied by decrease in cycin 
81 protein expression (Gali-Muhrasib et al. 2004a). Growth inhibition of HGT-
116 human colon cancer cells by TQ correlated with Gi phase arrest of the cell 
cycle (Gall-Muhtasib et al., 20046)_ A significant up-regulation of p53 and p21 
transcript and protein levels, as well as a significant decrease in Bcl-2 was seen, in 
TQ-txeated cells. In another study, TQ-induced growth inhibition and cell cycle 
regulation were examined in cisplatin-sensitive and cisplatin-resistant canine 
osteosarcoma cells (Shoieb et al., 2003). TQ was four- to five-fold more cytotoxic 
to the resistant cell line than its correspondent parent line. It is noteworthy that 
cisplatin-tesistant ossteosatcoma cells ate seven- to eight-fold more resistant to the 
cytotoxic effects of cisplatin compared to the parental cell line. TQ-induced death 
of cisplatin-sensitive osteosarcoma cells was found to be due to cell cycle arrest at 
GI phase as determined by flow cytometry analysis. Treatment with 50 µNI TQ 
for 24 h resulted in three-fold increase in the percentage of cells in G1 as 
compared to control (Shoieb et al., 2003). The mechanism of cell death of the 
resistant variant was not determined in this study. Despite this knowledge about 
the potent anti-cancer, anti-oxidant and anti-inflammatory effects of TQ, the 
molecular pathways involved in its activities are not well understood. 
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Scope of the work presented 
SCOPE OF THE WORK PRESENTED 
Epidemiological studies have provided compelling evidence that link cancer risk 
to food habits. It has been recognized that the active principle of plant products 
are mainly the secondary metabolites, There are many nutritive and non-nutritive 
plants and their components that are under investigation for their potential cancer 
chemopreventive effects. The health benefits of such plant derived small 
molecules, such as terpenes and terpenoids, polyphenols and carotenoids have 
been attributed to their antioxidant effects. However, evidence in the literature 
suggests that the antioxidant activity of such plant molecules may not fully 
account for their chemoprevendve and anticancer effects. Therefore, it is likely 
that other mechanisms may be responsible for their varied pharmacological 
properties. 
Studies in this laboratory have shown that plant derived antioxidants such as 
polyphenols and ascorbic acid behave as prooxidants in the presence of copper 
ions catalyzing DNA breakage through the generation of reactive oxygen species 
(Ahmad et aL, 1992; Bhat and Hadi, 1994; Ahsan and Hadi, 1998; Ahmad or at., 
2000; Azam et al., 2004; Ahmad et aL, 2005). Copper is a major metal ion present 
in the nucleus and is also implicated in tumorigenesis and angiogepcsis (Chcvion 
et al., 1988). Moreover, it is known that the serum, tissue and cellular levels of 
copper are significantly elevated in a number of malignancies (Linder, 1991; Gupte 
and Mumper, 2008). Taking into consideration our own observations and those of 
others we have proposed a mechanism according to which polyphenolic 
antioxidants mobilize endogenous copper in cancer cells leading to cytotoxie 
action through the generation of reactive oxygen species (Hadi et al., 2000; Hadi et 
al., 2007). Towards the validation of our hypothesis, considerable evidence has 
been deduced over the years (Azmi et al., 2007; Hanif et al., 2008; Shamim et al., 
2008; Ullah et al., 2009; Khan et al., 2011). 
Based on the above hypothesis, in the work presented, I have attempted to 
elucidate the mechanism of action of two plant derived antioxidant molecules, 
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specifically gossypol and thymoquinone. Moreover, I have also assessed the 
activity of apogossypolonc, a semi-synthetic derivative of gossypol, and compared 
it with its parent molecule. Using a cellular system of isolated peripheral human 
lymphocytes (comet assay), it was confirmed that these andoxi.dants are indeed 
capable of causing copper mediated DNA breakage. Thus, gossvpol and ApoG2, 
as well as TQ fall under the category of plant polyphenols such as flavonoids, 
catechins etc (considered to possess anticancer properties) that are able to 
mobilize endogenous copper leading to the formation of reactive oxygen species 
and consequent cellular DNA breakage (Nadi Cr al, 2000; Hadi et al 2007, Hanif 
et al., 2008, Shatnim et a1., 2008, Ullah er al., 2009, Khan et al., 2011). Moreover, 
as a further proof-of-concept, I examined the efficiency of these compounds to 
cause cell growth inhibition and apoptosis in cancer cell lines. It was seen that 
these compounds ate able to significantly inhibit the cancer cell growth and 
induce apoptosis in different cancer cell lines and that this action can be reversed 
by the use of copper-specific chelator, neocuproine, whereas other metals 
chelarors do not offer any significant protection. These results are in further 
support of the hypothesis that anticancer mechanisms of plant polyphenols may 
involve mobilization of endogenous copper, possibly nuclear copper and the 
consequent prooxidant action. Studies on chemopreventive and therapeutic plant-
derived phytonutxients assume significance in view of the fact that such 
compounds exhibit negligible or low toxicity even at relatively higher 
concentrations. Further they may also act as lead compounds for the synthesis and 
development of novel anticancer drugs. 
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MATERIALS 
Chemicals 
Acetic acid 
1pogossvpolone 
Bathocuproine disulphonic acid 
(bathocuproinc) 
Bovine serum albumin 
Catalase 
Deoxyribonucleic acid 
(Calf Thymus Type I) 
Dcsferrioxarninc mesylate 
Dimcthylsulphoxide 
Dipheny lamine 
1•,thidium bromide 
Ethvlcnediaminetetraaceric acid (EDT:\) 
Gossvpol acetic acid (gossypol) 
Histopaquc 1077 
Hydrochloric acid 
L-Histidinc 
Low melting point agarose (LNIPA) 
Magnesium chloride 
Niannitol 
Neocuproinc 
Nitroblue I'etrazolium 
Normal melting agarose 
Company 
E. Merck, Germany 
Gift from Prof. Daocheng Wu 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
BDH, India 
Sigma Chemical Co., USA 
Qualigcns, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
E. Merck, Germany 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
SRL, India 
SRL, India 
Sigma Chemical Co., USA 
Sisco Research Lab, India 
Sigma Chemical Co., USA 
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Phosphate Buffered Saline Ca 2+ and NIg2 	Sigma Chemical Co., USA 
free 
RPNII 1640 media Sigma Chemical Co., USA 
Single strand specific nuclease Sigma Chemical Co., USA 
`odium aide H'. Merck, Germany 
Sodium chloride F. Merck, Germany 
Sodium hydroxide E. Merck, Germany 
Sodium hydroxide (NaOH) SRL, India 
Sulphuric acid (H2SO4) SRL, India 
Superoxide dismutase (SOD) Sigma Chemical Co., USA 
Tannic acid Sigma Chemical Co., USA 
"1'ert-butrlhvdroper()xidc Sigma Chemical Co., USA 
'Thiourea l. Merck, Germany 
Thvmoquinone Sigma Chemical Co., USA 
Tris(hvdroxv mcthv1)aminomcthane Orris) SRL, India 
`Triton X — 100 E. Merck, Germany 
Xvlenol orange LOBA CHEMIEI, India 
* All other chemicals were commercial products of analytical grade. 
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METHODS 
Preparation of stock solutions of various compounds: 
Gossvpol, _\poG2 and '1'Q were dissolved in DMSO before use as stock of 3 m 1. 
Upon addition to reaction mixtures, in the presence of buffers and at the 
concentrations used, the compounds remained in solution. To test any effect of 
solvent on the DNA breakage, DMSO solution was added to the cells at the final 
concentration of 2% (v/v) which was the highest concentration of DNISO used in 
the test compound treated reaction medium. No difference was observed with or 
without DMSO indicating that the DISO at the tested concentrations did not 
influence the results. For Fox assay the solvent control concentration varied 
between 1-12" o(v/v-) and again no influence of the solvent was observed on the 
results. The volumes of the stock solution added did not lead to any appreciable 
change in the pH of the reaction mixtures. 
Absorption studies: 
The absorption spectra were obtained by using SHIMADZU UV-Vis 
spectrophotometer UV- 1 'U(J (japan). 
Compound-Cu(I)) interaction. The effect of increasing concentrations of 
Cu(II) on absorption spectra of gossvpol, ApoG2 and TQ was observed. The 
reaction mixture (3.0 ml) contained 10 mM Tris-HCI (pH 7.5), 50 uM compound 
and increasing concentrations of Cu(II). The spectra were recorded immediately 
after addition of all components. 
Cu(II) reduction by gossypol, ApoG2 and TQ. The selective sequestering 
agent neocuproine or bathocuproine was employed to detect reduction of Cu(II) 
to Cu(I) by recording the formation of ncocuproine—Cu(I) complex and 
bathocuproine-Cu(I) complex which absorbs maximally at 450 nm and 48() nm 
respectively. The reaction mixture (3.0 ml) contained 3 m\I Tris—1 iC1 (p11 7.5), 
fixed concentration (10O µ.\1) of Cu(II), 300 u\I neocuproinc (or bathocuproine) 
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and 50 1.M of the compound. The reaction was starred by adding Cu(II) and the 
spectra were recorded immediately afterwards. 
Stoichiometric nitration of Cu(I) production. The amount of Cu(l) produced 
in the compound-Cu(ll) reaction mixture was determined by titration with 
neocuproine (for gossypol and ApoG2) and bathocuproine (for TQ). 
Gossypol/ApoG2/TQ (50 µh1) in 10 mM Tris-HCI (pH 7.5) was mixed with 
varying concentrations of Cu(II) (CuCL) and 300.sM neocuproine/bathocuproine 
in a total reaction volume of 3.0 ml. Absorbance was recorded at 450 nm (for 
neocuproine) or 480 nm (for bathocuproine) after 10 min of incubation at room 
temperature. 
Flourescence studies: 
The fluorescence studies were performed on a Shimadzu 
spectrofluorophotometer RF-5310 PC Qapan). Compounds were excited at their 
absorption maxima as denoted in legends to the figures and emission spectra were 
recorded in the range shown in figures. 
Reaction of gossypol, ApoG2 and TQ with calf thymus DNA and digestion 
with single strand specific nuclease; 
Single strand specific digestion was performed as described by Want and Hadi 
(1979). Reaction mixtures (0.5 ml) contained '10 mM Tris-HCI (pH 7.5), 500 tg of 
calf thymus DNA and varying amounts of gossvpol/ApoG2/TQ and cupric 
chloride (50 plvl). All solutions were sterilized before use Incubation was 
performed at 37°C for specified time periods. The assay determines the acid 
soluble nucleotides released from DNA as a result of enzyme digestion. Reaction 
mixture in a total volume of 1.0 ml contained 40 mlvi Tris-HCl (pH 7.5), 1 mM 
magnesium chloride, water and enzyme. The reaction mixture was incubated at 
37°C for 2 h. The reaction was stopped by adding 0.2 ml bovine serum albumin 
(IOmg/ml) and 1.0 ml of 14 % perchloric acid (chilled). The tubes were 
immediately transferred to 0°C for 45 min before centrifugation at 2500 rpm for 
10 min at room temperature to remove undigested DNA and precipitated protein. 
[3] 
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.\cid soluble deoxyribonucleotides were determined in the supernatant, 
colorimetricallv, using the diphenylamine method (Schneider, 1957). To a 1.0 ml 
aliquot, 2.0 ml diphenv1 reagent (freshly prepared by dissolving 1 gram of 
recrystallized diphenylamine in 100 ml glacial acetic acid and 2.75 ml of 
concentrated H2SO3) was added. The tubes were heated in a boiling water bath 
for 30 train. The intensity of blue color was read at 600 ram. 
Detection of oxygen radical generation: 
Superoxide anion (Oz-). Superoxide was detected by the reduction of nitroblue 
tetrazolium (NBT) essentially as described by Nakayama et al. (1983). A typical 
assay mixture contained 50 mM sodium phosphate buffer (pH 8.0), 33 µh1 NB"i', 
100 µtNl EDTA and 0.06o triton X-100 in a total volume of 3.0 ml. The reaction 
was started by the addition of gossypol/ApoG2/TQ. After mixing, absorbance 
was recorded at 560 nm at different time intervals, against a blank, which did not 
contain the compound. 
Hv•drotyl radical generation. In order to compare the hvdroxvl radical 
production by increasing concentrations of gossylpol, ; poG2 and TQ in the 
presence of 50 µM1 Cu(II), the method of Quinlan and Gutteridge (1987) was 
followed. Calf thymus DNA (100 µg) was used as a substrate and the 
malondialdehyde generated from deoxv ribose radicals was assayed by recording 
the absorbance at 532 ram. 
Isolation of lymphocytes: 
Fresh heparinized blood samples (2.0 ml) from non-smoking healthy donors were 
obtained by venepuncture and diluted suitably in Ca'- and Mg ++ free PBS. 
Lymphocytes were isolated from blood using Histopaque 1077 (Sigma 
Diagnostics, St Louis, USA), and the cells were finally suspended in RPMI 1640. 
Viability assessment of lymphocytes: 
The lymphocytes %,-ere checked for their viability before the start and after the end 
of the reaction using Trrpan Blue Exclusion Test (Pool-Lobel et al., 1993). The 
viability of the cells was found to be greater than 93`%0. 
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Treatment of lymphocytes with gossypol, ApoG2 and TQ: 
In the case of standard version of alkaline single cell gel electrophoresis/comet 
assay intact lymphocytes (1 x 10' cells) were exposed to different concentrations 
of the compounds in the absence and presence of indicated concentrations of 
Cu(II) in a total reaction volume of 1.0 ml (400 µl RPMMI, PBS Ca- and `1g2' free 
and indicated concentrations of the compounds) in microfuge tubes. Incubation 
was performed at 4°C for lh. After the incubation, the reaction mixture was 
centrifuged at 4000 rpm, the supernatant was discarded and pelleted lymphocytes 
were resuspended in 100 µl PBS and processed further for comet assay as 
described below. 
In experiments where the DNA breakage in intact lymphocytes had to be 
compared with that in lymphocyte nuclei, the treatment of cells was done on 
slides rather than in microfuge tubes. Cells embedded in agarose were subjected to 
treatment by layering the reaction mixture on slides placed in a rectangular dish, 
containing the compounds and other additives as mentioned in legends to the 
figures and processed further for comet assay, described below. 
Standard version of alkaline single cell gel electrophoresis/comet assay: 
Comet assay was performed under alkaline conditions essentially according to the 
procedure of Singh et al. (1989) with slight modifications. Fully frosted 
microscopic slides precoated with 1.0 °,'o normal melting agarose at about 50°C 
(dissolved in Ca'-+ and .\1g'' free PBS.) were used. Around 10,00O cells were mixed 
with 75 d of 1.0 ° L\IPA to form a cell suspension and pipetted over the first 
layer and covered immediately by a coverslip. 1'he slides were placed on a flat tray 
and kept on ice for 10 min to solidify the agarose. The coverslips were removed 
and a third laver of 0.5° o I,\IP_1 (75 µl) was pipetted and coverslips placed over it 
and allowed to solidify on ice for 5 min. The coverslips were removed and the 
slides were immersed in cold lysing solution containing 2.5 I NaCl, 100 mM 
l DTA, 10 mM Tris (pH 10) and 1% 'Triton X-100 (added just prior to use) for a 
minimum of lh at 4°C. After lyysis DNA was allowed to unwind for 3O min in 
alkaline electrophoreuc solution consisting of 300 mM NaOH, 1 mN1 EDIA, 
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pH > 13. Electrophoresis was performed at 4°C in field strength of 0.7 volts/cm 
and 300 m.1 current. The slides were then neutralized with cold 0.4 tii Tris (pH 
7.5), stained with 75 µl EtBr (20 µg/ml) and covered with a covcrslip. The slides 
were placed in a humidified chamber to prevent drying of the gel and analyzed the 
same day. Slides were scored using an image analysis system (Komet 5.5, Kinetic 
imaging, Liverpool, UK) attached to an Olympus (CX41) fluorescent microscope 
and a COHU 4910 (equipped with a 510-560 nm excitation and 590 nm barrier 
filters) integrated CC camera. Comets were scored at 100x magnification. Images 
from 50 cells (25 from each replicate slide) were analyzed. The parameter taken to 
assess lymphocyte DNA damage was tail length (migration of DNA from the 
nucleus, µm) and was automatically generated by Komet 5.5 image analysis 
system. 
Lysed version of comet assay: 
Lvsed version of comet assay was performed as described by Itiasamatsu et al., 
(1996) with some modifications (Shamim et al., 2008). Lymphocytes isolated from 
2.0 ml blood were diluted to the count of 2 x 10 cells/1.0ml and suspended in 
RPMI 1640. Approximately 10,000 of these cells were mixed with 75µl of 
prewarrned LMPA in PBS and immediately applied to frosted microscopic slides 
layered with 75µl of 1.00  o normal melting agarose in PBS. The slides were allowed 
to gel at 4°C for 10 nun. Lysis of cells was then performed by submerging the 
slides in a tank containing lysis solution in the absence of light for 1 h at 4°C. The 
use of a tank instead of a coplin jar allowed simultaneous processing of a number 
of slides. The lvsis solution (pH 10) consisted of 2.5 `I NaCl, 0.1 M EDTA, 
10 m%1 Tris and 1 °'o Triton X-10() (added just prior to use). After lvsis, slides 
%,.,ere transferred to another tank containing 0.4 Ni Phosphate buffer (pH 7.5) for 
10 min. Each slide was then transferred to a rectangular dish (8cm x 3cm x 5mm) 
which contained a reaction mixture of the test compounds and other additions as 
mentioned in various legends to figures and tables. The slides with the reaction 
mixture were incubated at 4°C for indicated time periods. In another set of 
experiments, scavengers of reactive oxygen were added at the final concentrations 
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indicated. The slides were then washed twice by placing in 0.4 M phosphate buffer 
(pH 7.5) for 5 min at room temperature. Subsequent DNA unwinding, 
electrophoresis, neutralization and staining of the slides was carried out as 
described earlier. Comet images were scored as described earlier. 
Detection of H202 generation in the incubation medium of lymphocytes: 
The ferrous oxidation-xylenol orange (FOX) assay was adapted as described by 
Long et al. (2000) to detect and quantify the generation of H202 in the incubation 
medium (RP\II 1640) by various compounds. The simplified reaction sequence 
involves the oxidation of ferrous (IFe2+) to ferric (Fc3+) ions by H202 with the 
subsequent binding of the Fe3+ ion to the ferric sensitive dye xylenol orange, 
Yielding an orange to purple complex, which is measured at 560 nm. The reaction 
mixture contained the compounds and RPMI 1640. After incubation for 2h at 
37°C, an aliquot of 100 tl was analyzed for H202 formation. 
Determination of TBARS in lymphocytes: 
Thiobarbituric acid (I'BA) reactive substance was determined according to the 
method of Ramanathan et al. (1994). A cell suspension (1 x 10' /ml) vas incubated 
with the test compounds (0-300 .tM) at 37°C for lh and then centrifuged at 
1000rpm. In some experiments the cells were pre-incubated with fixed 
concentrations of neocuproine and thiourea. The cell pellet was washed twice with 
phosphate buffered saline (Ca-+ and Mg- free) and suspended in 0.1N NaOH. 
This cell suspension (1.4 ml) was further treated with 10% TCA and 0.6 'I T13.1 
(2-thiobarbituric acid) in boiling water bath for 10 min. The absorbance was read 
at 532 nm and converted into nmoles of '1BA reactive substance using the molar 
extinction coefficient. 
Studies with cell culture: 
Cell lines and reagents. Cancer cell lines NIDA-NIB-231 (Breast cancer cell line); 
BxPC-3 (Pancreatic cancer cell line); PC3, LNCaP, DU145, C42B (Prostate cancer 
cell lines) were obtained from ATCC (Manassas, VA). NIDA-MB-231 and BxPC-3 
cells were maintained in DNIE1\I (Invitrogen, Carlsbad, CA); PC3, LNCaP, 
41 
Materials and methods 
DU145, C42B cells were maintained in RPMI 1640 (Invitrogen, Carlsbad, CA). 
Both of these media were supplemented with 10% fetal bovine serum (FBS), 100 
units/ml penicillin and 100 ;.xg/ml sfteptom]'tin. The normal breast epithelial cell 
line, tMCF-101, was propagated in DMEM/F12 (Invitrogen, Carlsbad, CA) 
supplemented with 5% horse serum, 20 ng/ml EGF, 0.5 4g/ml hydrocxrtisunc, 
0.1 .tg/tnl cholera toxin, 10 µg/ml insulin, 100 units/ml penicillin, and 100 kg/ml 
streptomycin. All cells were cultured in a 5"/% CO2—humidified atmosphere at 
37°C. Stock solution of gossypol, ApoG2 and TQ (25 mM was made by 
dissolving in DMSO and fresh stocks were made for every individual assay. The 
stock solutions of various chelators of metal ions—neocuproine/ desferoxamine 
mesylate/histidine were made in phosphate-buffered saline (PBS) at a final 
concentration of 50 mbf and were always made fresh just prior to experiments. 
Cell growth inhibition studies by 3-(4,5-Dimethvhhiazol-2-y/)-2,5-
dipheny/tetrazolium bromide (DITT) assay. MDA-MB-231, BxPC-3, PC3 and 
DU145 cells were seeded at a density of 2 x 103 cells per well while LNCaP and 
C42B cells were seeded at a density of 5 x 10} cells per well in 96-well microtiter 
culture plates. After overnight incubation, normal growth medium was removed 
and replaced with a fresh medium containing DMSO (vehicle control) or different 
concentrations of test compounds as indicated For individual experiments. Various 
chelators were added in individual assays as mentioned in respective experiments. 
After 3 days of incubation, 25 ld of 3-(4,5-dimethyldvazol-2-yl)-2,5- 
diphenyltetrazolium bromide (M1 	solution (5 mg/rnl in PBS) was added to 
each well and incubated further for 2 h at 37°C. Upon termination, the 
supernatant was aspirated and the MTT' formazan, formed by metabolically viable 
cells, was dissolved in DMSO (100 µl) by mixing for 30 min on a gyratory shaker. 
The absorbance was measured at 595 nm on Ultra Multifunctional Microplate 
Reader (TECAN, Durham, NC). Each treatment had eight replicate wells and the 
mount of DMSO in reaction mixture never exceeded 0.1%. Moreover, each 
3eriment was repeated at least three times. 
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Inhibition of cell growth in normal breast epithelial cells (NICF-10.x) and in NICF-
1OA cells cultured in 25 µM CuC12 (designated as MCF-10.E-Cu) by gossypol, 
ApoG2 and TQ was also done using MITT assay as described above. 
Soft agar colonization assays. Cancer cell lines (3 x 104) were plated in 0.5 ml of 
culture medium containing 0.3"'0 (w/v) top agar layered over a basal laver of 
(w/v) agar (with culture medium and the supplements) in 24-well plates. At 
the time of seeding, the culture was supplemented with 5 µM of the test 
compound or the vehicle DMSO, with or without metal chelators. After 
appropriate culture time (22 days), colonies (>50 cells) were counted. Experiments 
were carried out in quadruplicate, and mean values are reported. 
Histone/DNA ELISA for detection of apoptosis. The Cell Death Detection 
ELISA Kit (Roche, Palo Alto, CA) was used to detect apoptosis in cancer cells 
treated with the test compounds according to the manufacturer's protocol. Briefly, 
cells were treated with the compounds or DMSO control for 72h. After 
incubation the cells were pelleted. The cytoplasmic histone/DNA fragments from 
cells were extracted and incubated in the microliter plate modules coated with 
anti-histonc antibody. Subsequently, peroxidase-conjugated anti-DN,\ antibody 
was used for the detection of immobilized histone/DNA fragments followed bt-
color development with 2,2-azinobis(3-ethvlbenzothiazoline)-6-sulfonic acid 
diammonium (ABTS) substrate for peroxidase. The intensity of the colored 
product directly- indicates the extent of apoptosis in the treated cells. The 
spectrophotometric absorbance of the samples was determined by using Ultra 
Multifunctional Microplate Reader (TECAN) at 405 nm. 
Western blot analysis. Detection of copper transporter (Ctrl) expression was 
done in MCF-10A and ZICF-10A-Cu. Cells were lysed in RIPA buffer (20 mM1 
Tris-HCI, pH 8.0, 137 mh1 NaCl, 100  NP-40, 2 mhl EDT:, 0.5%sodium 
dcoxvcholate and 0.10  0 SDS), containing complete mini EDT.\-free protease 
inhibitor cocktail (Roche, Indianapolis, IN) and phosphatase inhibitor cocktails 1 
and 2 (Sigma, St Louis USA)). Protein concentration was measured by BCA 
Protein Assay (Pierce, Rockford, I1.). After resolution of proteins on 12°. o 
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polcacrylamide gels under denaturing conditions and transfer to nitrocellulose 
membranes, primary antibody (Santa Cruz, USA) was added. This was followed by 
incubation with horseradish peroxidase-conjugated secondary antibody. Proteins 
were visualized using the chemiluminescenee detection system (Pierce). For re-
probing, membranes were incubated for 30 min at 50°C in buffer containing 2° 
SDS, 62.5 mM Tris (pH 6.7), and 100 mM P-mercaptoethanol, washed and 
incubated with primary (Sigma, St Louis, USA) followed by secondary antibody 
and the signals were detected as described above. 
Detection of ROS in AIDA-MB-231 cells treated with TQ. The Image-iTt `' 
LIVE Green ROS Detection Kit (Molecular Probes, Life Technologies, USA) was 
used to detect the generation of ROS in NIDA-MB-231 breast cancer cells treated 
with TQ using the manufacturer's protocol. Briefly, cells were first seeded on 
slides using Lab-Tek II Chamber Slide System (Nalge Nunc International, 
Naperville, II,, USA). 50 µif TQ was layered on to cells for 1 h. Cells were 
washed twice in PBS and layered with 25 µ:dl carboxy-H2DCFDA for 30 min in 
dark. Cells were counter stained I-Iocchst 33342 at a final concentration of 1 µdl at 
the last five minutes of the 30 min incubation with carboxy-H2DCFD.1. The cells 
were washed again With PBS and mounted in warm buffer before visualization 
using a Leica TCS SP5 confocal microscope. 
Statistical Analysis: 
The statistical analysis was performed as described by Tice et al (2000) and is 
expressed as ± S.E.M. of three independent experiments. A student's t-test was 
used to examine statistically significant differences. Analysis of variance was 
performed using ANOVA. P values<0.05 were considered statistically significant. 
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DNA binding and its degradation by gossypol and 
its semi-synthetic derivative, apogossypolone, 
in the presence of copper ions. 
Chapter I: Results 
RESULTS I 
Formation of gossypol/ApoG2-Cu(II) complex: 
The absorption spectra of gossypol and .\poG2 with increasing concentrations of 
Cu(II) was recorded to examine the formation of gossypol/.Apo(J2-Cu(II) 
complex. The results given in figure 7 and 8 show that the addition of Cu(II) to 
gossypol and .\poG2 results in an enhancement in the peak of the spectra of both 
the compounds. In the case of ApoG2, a shift in the absorption towards a higher 
wavelength is also seen. The absorption spectra of gossvpol and ApoG2 suggests 
a simple mode of interaction between these polvphenols and Cu(II). 
Detection of gossypol/ApoG2-induced Cu(I) production by neocuproine: 
The generation of Cu(I) from Cu(II), as a result of reduction of Cu(II) by gossvpol 
and ApoG2, was analyzed using neocuproine. Ncocuproine is a selective Cu(I) 
sequestering agent that binds specifically to the reduced form of copper, Cu(I), 
but not to the oxidized form, Cu(II) (Simpson et al., 1992). The Cu(I)-
neocuproine chelates exhibit an absorption maximum at 450 nm. The compounds 
alone, as well as Cu(II) alone, do not lead to any change in spectra with 
neocuproine. However, gossypol+Cu(II) and _kpoG2+Cu(II) react to generate 
Cu(I), as indicated by the peaks appearing at 450 nm (figure 9). 
Formation of complexes involving calf thymus DNA with gossypol and 
ApoG2: 
Figure 10 and figure 11 show the effect of the addition of increasing molar base 
pair ratios of calf thymus DNA on the fluorescence emission spectra of gossypol 
and .\poG2 excited at 360 nm and 340 nm, respectively. Such an addition resulted 
in a dose-dependent enhancement of fluorescence of gossypol and .\poG2. 
However, no significant shift in the i.n,:,, emission suggested a simple mode of 
binding of D\_1 with gossypol/ .\poG2. The control (native DNA alone) when 
excited at the same wavelength (360 nm and 340 nm, respectively, result not 
45 
Chapter 1: Results 
shown) did not interfere with the emission spectrum of the compounds alone thus 
confirming the binding results. 
Binding of copper ions to gossypol and ApoG2: 
Binding of copper ions to gossypol and :1poG2 was studied by the effect of 
increasing Cu(II) molar ratios on the fluorescence emission spectra of the 
compounds. The results shown in figure 12 and figure 13 clearly indicate the 
binding of Cu(II) to compounds, as addition of Cu(II) causes quenching of 
gossypol and ApoG2 fluorescence. These results support the result of absorption 
studies shown in figure 9 where formation of gossypol-copper and ApoG2-copper 
complex was demonstrated. 
Generation of oxygen radicals by gossypol and ApoG2: 
Superoxide production: The production of superoxide anion was determined by 
the method of Nakayama et al. (1983), which involves reduction of NBT by 
gossypol/ApoG2 to a formazan. The time dependent generation of superoxide 
anion by the compounds, as evidenced by the increase in absorbance at 560 nm is 
shown in figure 14. The fact that NBT was genuinely assaying superoxide was 
confirmed by SOD (100 .tg/ml) inhibiting the reaction (results not shown). It is 
known that superoxide may undergo automatic dislnutation to form H202 which 
in the presence of transition metals, such as copper, favors I-enton type reaction 
to generate hydroxyl radicals which can act as a proximal DNA cleaving agent 
leading to oxidative IDN.\ breakage. 
Hydroxyl radical generation: It has been previously shown that during the 
reduction of Cu(II) to Cu(I), ROS such as hydroxyl radicals are formed which 
serve as the proximal DNA cleaving agent (Rahman et al., 1989). Therefore, the 
capacity of gossypol and .\poG2 to generate hydroxyl radical in the presence of 
Cu(II) was examined. The assay is based on the fact that degradation of DNA by 
hydroxyl radicals results in the release of TBA (2-thiobarbituric acid) reactive 
material, which fonts a colored adduct with 'TBA whose absorbance is read at 532 
nm (Quinlan and Gutteridge, 1987). The result of figure 15 clearly shows that 
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increasing concentrations of the compounds lead to a progressive increase in the 
formation of hydroxyl radicals. Moreover, ApoG2 was found to be a more 
effective producer of hvdroxvl radical at tested concentration. 
Agarose gel electrophoresis of pBR322 plasmid DNA treated with 
gossypol/ApoG2 with copper: 
To examine the efficacy of gossypol/ApoG2-Cu(II) system in DNA cleavage 
pBR322 plasmid DNA was treated with gossypol/ApoG2 in presence of copper 
ions. As shown in figure 16, whereas copper alone or compounds alone do not 
cause DNA cleavage, the addition of copper to the compounds resulted in the 
generation of open circular topological structures of plasmid DNA, demonstrating 
that both gossypol and ApoG2 are capable of DNA degradation in presence of 
copper ions. 
Breakage of calf thymus DNA by gossypol/ApoG2 in the presence of 
Cu(II): 
Gossvpol and ApoG2 in the presence of Cu(II) were found to generate single 
strand specific nuclease (.-1iperrilhrs ory ae) sensitive sites in calf thymus DNA. The 
reaction was assessed by recording the proportion of DNA converted to acid 
soluble-nucleotides by the nuclease. Figure 17 and figure 18 gives the dose 
response curve of such a reaction. In absence of Cu(II) gossvpol and ApoG2 
generated significantly lower levels of single strand nuclease sensitive sites in calf 
thymus DNA. Control experiments (data not shown) established that heat 
denatured DNA underwent 100 °'o hydrolysis following the treatment with 
nuclease. However, in the presence of Cu(II) (50 µM), increasing concentrations 
of gossypol (figure 17) and ApoG2 (figure 18) resulted in an increase of nuclease 
sensitive sites in DNA leading to increased DNA hydrolysis. 
DNA breakage by gossypol-Cu(II) and ApoG2-Cu(II) system in 
lymphocytes as measured by Comet Assay: 
Increasing concentrations of gossvpol (figure 19) and ApoG2 (figure 2U) (()-5o 
µ`1) alone or in the presence of 20 µdl CuCl2 were tested for DNA breakage in 
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intact isolated human peripheral lymphocytes using alkaline single cell gel 
electrophoresis (comet assay). The corresponding tail length is plotted as a 
function of compound concentration. It is seen in both the figures that whereas 
the compounds alone cause breakage of cellular DNA, the degree of such DNA 
breakage is significantly enhanced in the presence of Cu(II). Cu(II) (20 µhl) 
controls were similar to untreated lymphocyte without any significant DNA 
breakage. Moreover, it is seen that ApoG2 causes a significantly greater degree of 
DNA breakage in whole lymphocytes. The results clearly establish that 
gossypol/ApoG2-Cu(II) system is capable of DNA breakage in isolated 
lymphocytes. l hus, such cellular DN;\ breakage is physiologically feasible and 
could be of biological significance. 
Comparison of DNA breakage by gossypol and ApoG2 in whole 
lymphocytes and lymphocyte nuclei: 
Since in the lvsed version of Comet assay, membrane and cytoplasmic barrier are 
eliminated, it would be reasonable to assume that the compounds arc able to 
directly interact with the cell nuclei. Thus, considerably greater DNA breakage 
should be observed in the l}•sed version as compared with the standard version 
(where intact lymphocytes are used). Increasing concentrations of (0 — 50 µ\t) of 
gossypol (figure 21) and ApoG2 (figure 22) were tested for 1)N_1 breakage in 
intact lymphocytes and compared with DNA breakage induced by gossvpol and 
ApoG2 (U - 50 4\1) in lymphocyte nuclei (lvsed version). It is seen that the rate of 
tail formation is greater in the case of lvsed version suggesting that the 
compounds are able to directly interact with the nuclei. 
Effect of neocuproine and bathocuproine disulphonic acid on 
gossypol/ApoG2 induced DNA breakage: 
(:c >pper chelators (neocuproine and bathocuproine disuphonic acid) were used to 
study their effect on DNA breakage by gossypol/ApoG2 in whole lymphocytes 
(figure 23.E and figure 24A) as well as in lymphocyte nuclei (figure 2313 and figure 
24B). In whole lymphocytes, a clear inhibition was seen in presence of 
neocuproine (a cell membrane permeable Cu(I) specific chelator) on gossypol- 
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induced as well as .1poG2-induced DNA breakage. However, no such DNA 
breakage inhibition was observed in whole lymphocytes with bathocuproine 
disulphonic acid (a water soluble cell membrane impermeable analogue of 
neocuproino). Further, in case of lymphocyte nuclei treated with gossypol and 
ApoG2, both neocuproine and bathocuproine disulphonic acid were found to 
inhibit DNA breakage (figure 24B and figure 24B). Here both neocuproine and 
bathocuproine disulphonic acid arc directly able to interact with nuclei. 
Effect of desferrioxaznine and histidine on gossypol/ApoG2 induced DNA 
breakage: 
Fc' - and Cu'' are the most redox active of the metal ions present in living cells. 
Also, copper and zinc are the major metal ions present in the nucleus (Bryan, 
1979). To examine the possible involvement of iron and zinc in gossypol/ApoG2-
induced DNA breakage, the effect of desferrioxaminc mesvlate (a Fe(II) specific 
chelator) and histidine (a zinc specific chelator) has been examined on DNA 
breakage in lymphocytes and lymphocyte nuclei. The results of figure 25 and 26 
(A&B) indicate that desferrioxaminc mesvlate as well as histidinc were unable to 
inhibit gossvpol/ApoG2-induced DNA breakage in intact lymphocytes or 
lymphocyte nuclei. This indicates that gossvpol and ApoG2-induced DNA 
breakage occurs by the same mechanism through the mobilization of endogenous 
copper, possibly chromatin bound copper. 
Effect of scavengers of ROS on gossypol and ApoG2 induced DNA 
breakage in whole lymphocytes and lymphocyte nuclei: 
Table II gives the results of an experiment where various scavengers of reactive 
oxygen species such as superoxide dismutase (SOD), catalase, thiourea and 
mannitol were tested for their effect on gossvpol/ApoG2-induced DNA breakage 
in lymphocytes. SOD and catalase remove superoxide and H202 respectively and 
thiourea and mannitol remove hydroxyl radicals. All scavengers caused a 
significant inhibition of DNA breakage as evidenced by decreased tail lengths. It 
may be mentioned that due to the site specific nature of the reaction of hydroxyl 
radicals with DNA it is difficult for any trapping molecules to intercept them 
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completely (Czene et al., 1997). This possibly accounts for the incomplete 
inhibition of DNA breakage by the scavengers. The results indicate that 
superoxide anion and H202 are essential components in the pathway that leads to 
the formation of hvdroxvl radical and other species which would be the proximal 
DNA cleaving agents. In a similar experiment given in Table III, effect of the 
scavengers was studied in DNA breakage induced by the compounds in 
lymphocyte nuclei. The results clearly demonstrate inhibition of such DNA 
breakage by scavengers in nuclei. This further confirms that a similar mechanism 
involving ROS is responsible for cellular DNA breakage in intact lymphocytes as 
well as in the lymphocyte nuclei. 
Effect of preincubation of lymphocytes with thiourea and neocuproine on 
TBARS generated in presence of gossypol/ApoG2: 
As mentioned above, it is suggested that lymphocyte DNA breakage induced by 
gossvpol and ApoG2 is the result of the generation of reactive oxygen species in 
situ. Oxygen radical damage to deoxyribose or DNA is considered to give rise to 
TBA reactive material (Quinlan R. Gutterige, 1987). In the experiment shown in 
figure 27A and 2B, the formation of 'I'W\ reactive substance ('!BARS) as a 
measure of oxidative stress in lymphocytes with increasing concentrations of 
gossvpol and ApoG2 has been determined. The effect of preincubating the cells 
with neocuproine and thiourea was also studied. Results given in figure show that 
there is a dose dependent increase in the formation of TBA reactive substance in 
lymphocytes. However, when cells were preincubated with neocuproine and 
thiourea there was a considerable decrease in the rate of formation of TB.\ 
reactive substance by these compounds. The results given in figure 23/24 along 
with these results indicate that both DNA breakage and oxidative stress in cells is 
inhibited by Cu(I) chelation and scavenging of reactive oxygen. Thus it can be 
concluded that the formation of reactive oxygen species by the compounds in 
lymphocytes involves their interaction with intracellular copper as well as its 
reduction to Cu(I). 
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Detection of H202  generation in incubation medium by gossypol and 
ApoG2 using FOX assay: 
P01)-phenols have been shown to auto-oxidize in cell culture media and lead to the 
release of H202 and quinone that can enter the cells/nuclei causing damage to 
various biomacromolecules (Long et al., 2000). This extraneous production of 
ROS could also account for DNA breakage observed above. Therefore, we 
determined the production of H202  by gossypol and ApoG2 in the incubation 
medium RPMI 1640 and compared it to a known producer, tannic acid. As can be 
seen in Figure 28, where the generation of H202 is notably significant by tannic 
acid, gossypol and ApoG2 do not produce H202 in any significant amount. This 
indicates that the DNA breakage by the compounds observed above is not a result 
of extraneous generation of H202 in the reaction medium. Moreover, we have 
earlier shown that there exists no correlation between the extraneous generation 
of H202 and the ability of pohphenols to cause oxidative DNA breakage (U..11ah et 
al., 2009). 
Stoichiometry of Cu(II) reduction by gossypol/ApoG2: 
It has been previously suggested that the redox cycling of Cu(II)/Cu(1) is an 
essential clement in the induction of copper assisted oxidative DNA breakage 
(Hadi et al 2000). To assess the relative efficiency of reduction of Cu(lI) by 
gossypol and ApoG2, stoichiometric studies were carried our. The result in figure 
29 shows that a clear stoichiometry of Cu(lI) reduction by both compounds is not 
obtained. The absorbance of neocuproine-Cu(I) complex continues to increase 
with increasing concentration of the compounds possibly reflecting the various 
oxidized states, which by themselves are able to reduce copper. 
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Figure 7: Absorption spectra of gossypol in the presence of Cu(II). 
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The ').0 ml reaction mixture contained 10 mNI 'I'ris-HCI (pH 7.5), 50 pM gossvpol and 
increasing concentrations of Cu(II). The spectra were recorded after the addition of 
components indicated: 
(1) Gossypol alone ( 	) 
(2) Gossypol + 50 .tM Cu(11) (— — —) 
(3) Gossypol + 100 µM1 Cu(II) (- - - - -) 
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Figure 8: Absorption spectra of ApoG2 in the presence of Cu(II). 
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The 31) nil reaction mixture contained 10 mMI Tris-HC1 (pI-I 7.5), 50 µI 1 ,kpoG2 and 
increasing; concentrations of Cu(II). The spectra were recorded after the addition of 
components indicated: 
(1) 1poG2 alone ( 	) 
(2) ApoG2 + 50 µM Cu(II) (— — —) 
(3) ApoG2 + 100 µuNl Cu(II) (- - - - -) 
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Figure 9: Detection of gossypol and ApoG2 induced Cu (I) production by 
neocuproine. 
Wavelength (ml) 
Reaction nurture (3.1) ml) contained 10 mM Tris-HC1 (pH 7.5) along with 300 µMI 
neocuproine and indicated concentrations of the following: 
(1) Neocuproine + 100 µ:ii Cu(II) 
(2) Neocuproine + 50 µM gossvpol 
(3) Neocuproine + 50 p.M ApoG2 
(4) Neocuproine + 50 µJ1 gossvvpol + 100 µ;AI Cu(II) 
(5) Neocuproine + 50 µii ApoG2 + 100 µit Cu(II) 
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Figure 10: Effect of increasing native DNA base pair molar ratios on t e 
fluorescence emission spectra of gossypol. 
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Gossvpol (in It) mM 'l ris-HCI, pH 7.5) was excited at 360 nm and the emission spectra 
were recorded between 375-535 nm. 
[ 	] Gossypol alone (25 .LM) 
[----- J Gossvpol: DNA base pair molar ratio (1:1) 
— —J Gossypol: DNA base pair molar ratio (1:2) 
— — —] Gossvpol: DNA base pair molar ratio (1:4) 
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Figure 11: Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectra of ApoG2. 
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ApoG2 (in 10 mM Tris-HCI, pH 7.5) was excited at 340 nm and the emission spectra 
were recorded between 365-545 nm. 
( 	) ApoG2 alone (25 µdl) 
[— —] ApoG2: DNA base pair molar ratio (1:1) 
– —J ApoG2: DNA base pair molar ratio (1:2) 
(— – – —] ApoG2: DNA base pair molar ratio (1:4) 
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Figure 12: Effect of increasing concentrations of Cu(II) on the fluorescence 
emission spectra of gossypol. 
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Gossvpol (in 10 mNl Tris-HCI, pH 7.5) was excited at X 360 nm and the emission spectra 
were recorded between 370-550 nm. 
[ 	] Gossvpol alone (25 µ:AI) 
[--1 Gossvpol: Cu(II) molar ratio (1:1) 
[– – –J Gossypol: Cu(II) molar ratio (1:2) 
[---1 Gossvpol: Cu(II) molar ratio (1:4) 
[— – – —] Gossypol: Cu(II) molar ratio (1:6) 
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Figure 13: Effect of increasing concentration of Cu(II) on the fluorescence 
emission spectra of ApoG2. 
140 
	
120 	 -/ , ~\~ 
100  
80 	i 
L~~l 
60 	/,/,  
"'  40 	t'!  
20  
0 I--t  
365 	385 	405 	425 	445 	465 	485 	505 	525 
Wavelength (nm) 
2 (in 10 mM 'iris-HCI, pH 7.5) was excited at). 340 nm and the emission spectra 
,corded bcnveen 365-535 nm. 
] ApoG2 alone (25 µM) 
— — J ApoG2: Cu(II) molar ratio (1:1) 
– –] ApoG2: Cu(II) molar ratio (1:2) 
- – —) ApoG2: Cu(II) molar ratio (1:4) 
– – —] ApoG2: Cu(II) molar ratio (1:6) 
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Figure 14: Photogeneration of superoxide anion by gossypol and ApoG2 on 
illumination under fluorescent light as a function of time. 
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Reaction mixture Contained 100 m MI phosphate buffer (pH .5) and 100 .d\I of gossvvpol 
()/ ApoG2 (+). The samples were placed at a distance of 10 cm from the light source. 
All values reported are mean of three independent experiments. 
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Figure 15: Hydroxyl radical generation by gossypol/ApoG2. 
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Reaction mixture (0.5 ml) contained 100 µg calf thymus DNA as substrate, 50 µM Cu(II) 
and indicated concentrations of gossypol (L) and ApoG2 (Q). The reaction mixture was 
incubated at 37 °C for 30 tnin. Hydroxyl radical formation was measured by determining 
the TEA reactive material as described in "Methods'. .All values reported are mean ± 
SEM of three independent experiments. 
**p value<0.05 when compared to untreated control. 
*p valuc<0.01 when compared to untreated control. 
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Figure 16: Agarose gel electrophoretic pattern of ethidium bromide stained 
pBR322 plasmid DNA after treatment with gossypol and ApoG2 in the absence 
and presence of copper. 
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Lane (:: PIi1Z322 U\.A -- Cu (11) (3(1 µMl) 
Lane 1,2: pHR322 1)N.\ + gc>ssvpol(l(NI, 20O µdl) 
Lane 3: pBR322 1)\.\ + gossypol (100 .t\i) + Cu(II) (30 µ1l) 
Lane 4,5: pBR322 1)\.A + .ApoG2 (100, 2001 µ,dl) 
Lane 6: pBR322 U\.\ + .\P0(;2 (1(N) µM1) + Cu(I1) (30 µNl) 
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Figure 17: Degradation of calf thymus DNA by gossypol in the presence of Cu(II) 
as measured by the degree of single strand specific nuclease (Aspergillus oryzae) 
digestion. 
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Reaction mixture (0.5 nil) containing 10 mil Tris-I IC1 (pH 7.5) and 50u µ1; calf thvmus 
1)N_1 was incubated at Y "C with indicated concentration of gossvpol, alone (•) and 
with Cu(II) (50 	I) (u). Single strand specific digestion was performed using SI 
Nuclease as described in "\icthods".:111 points represent triplicates and mean values 
have been plotted. 
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Figure 18: Degradation of calf thymus DNA by ApoG2 in the presence of Cu(II) 
as measured by the degree of single strand specific nuclease (Aspergillus ox zae) 
digestion. 
ApoG2 (NM) 
Reaction mixture (U.S ml) containing 10 mMI "Iris-HC1 (pl-I 7.5) and 500 ig calf th%.mus 
DNA was incubated at 37 °C with indicated concentration of ApoG2, alone (+) and with 
Cu(II) (50 µ\l) (M). Single strand specific digestion was performed using SI Nuclease as 
described in "Methods". All points represent triplicates and mean values have been 
plotted. 
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Figure 19: DNA breakage by gossypol in human peripheral lymphocytes in the 
absence and presence of Cu(II). 
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1 s 1 u' lymphocyte cells were incubated in niicrofuge tubes with reaction mixture at 4°C 
for 1 llr. Reaction mixture contained RPMI (400 p. L), Ca and M1g2  free PBS, increasing 
concentrations of gossypol (0-50 µ;\f), alone (•) and with fixed concentration of Cu(II) 
(20 ILiM (0) and processed further for cornet assay as given in "Methods". 
All p( ints represent mean t SEM of three independent experiments. 
p value<0.05 when compared to *(untreated control cells). 
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Figure 20: DNA breakage by ApoG2 in human peripheral lymphocytes in the 
absence and presence of Cu(II). 
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1 x l l) lymphocyte cells were incubated in microfuge tubes with reaction mixture at 4°C 
for 1 hr. Reaction mixture contained RP\II (400 4), Cat- and Mgt free PBS, increasing 
concentrations of ApoG2 (0-50 µ\1), alone (•) and with fixed concentration of Cu(11) 
(20 µ\1; (,M and processed further for comet assay as given in "Methods". 
All points represent mean ± SliM of three independent experiments. 
h value<0.05 when compared to (untreated control cells). 
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Figure 21: Comparison of DNA breakage by gossypol in intact lymphocytes and 
lymphocyte nuclei as measured by Comet assay. 
40 
35 
30 
E 
25 
C) 
C 
°—' 20 
E 15 
0 
U 
10 
5 
0 
** 
** 
0 	10 	20 	30 	40 	50 
Gossypol (pM) 
Whole lymphocytes (•) /1v mphocyto nuclei U) embedded in agarose were layered with 
th4 reaction mixture (2.0 nil) containing RIIMI (400 pi) and Ca' and Mg'- free PBS [for 
whole lymphocytes] or 0.4 ICI phosphate buffer (pH 7.5) (for lymphocyte nuclei] and 
indicated concentrations of gossvpol (0-50 µ\1) at 4°C for lhr and processed further for 
comet assay as given in "Methods". All points represent mean of three independent 
experiments. 
Error bars denote ± SLIM 
p value<0.05 and significant when compared to -control (untreated cells). 
66 
Chapter 1: Results 
Figure 22: Comparison of DNA breakage by ApoG2 in intact lymphocytes and 
lymphocyte nuclei as measured by comet assay. 
40 
35 
30 
E 
25 
W 
a) 
°—' 20 
d 
E 15 
0 
U 
10 
5 
0 
** 
0 	10 	20 	30 	40 	50 
ApoG2 (NM) 
Whole lymphocytes (•): lymphocyte nuclei (■) embedded in agarose were layered with 
the reaction mixture :22 m ml) containing RPMI (400 }Ll.) and Ca' and Mg'' free PBS for 
whole lymphocytes] or 0.4 NI phosphate buffer (pH 7.5) Ifor lymphocyte nuclei] and 
indicated concentrations of .NpoG2 (0-50 µ\1) at 4°C for lhr and processed further for 
comet assay as given in "Methods". All points represent mean of three independent 
experiments. 
Error bars denote ± SEM. 
**p value<0.05 and significant when compared to 'control (untreated cells). 
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Figure 23: Effect of neocuproine/bathocuproine on gossypol induced DNA 
breakage in whole lymphocytes (A) and lymphocyte nuclei (B). 
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(B)  
`Whole lymphocyte (A) /lvvtnphocvte nuclei (B) embedded in agarose were layered with 
the reaction mixture (2.0 ml) containing gossvpol (50 µ.s1) and indicated concentrations 
of neocuproine (+)/bathocuproine (■) at 4°C for 1hr and processed further for comet 
assay as given in "Methods". 
Values reported are mean ± SLM of three independent experiments. 
+ .p value<0.05 and significant when compared to control. 
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Figure 24: Effect of neocuproine/bathocuproine on ApoG2 induced DNA 
breakage in whole lymphocytes (A) and lymphocyte nuclei (B). 
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Whole lymphocyte (A)/lvmphocvte nuclei (B) embedded in agarose were layered with 
the reaction mixture (2.O ml) containing ApoG2 (50 µ?if) and indicated concentrations of 
neocuproine (•)/bathocuproine (■) at 4°C for 1hr and processed further for comet assay 
as given in" Methods". 
Values reported are mean ± Sll of three independent experiments. 
`p value<0.05 and significant when compared to control. 
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Figure 25: Effect of desferrioxamine mesylate/histidine on gossypol induced 
DNA breakage in lymphocytes (A) and lymphocyte nuclei (B). 
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Lymphocyte/1yihhocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing gossvvpol (50 µ;NI) and indicated concentrations of desferrioxamine 
mesvlate/histidine at 4°C for 1hr and processed further for comet assay as given in 
"Methods". Comet tail length (µ-meters) plotted as a function of increasing 
concentrations of desferrioxmine mes}•late (■) and histidine (A) in lvmphoc}•tes (A) and 
lymphocyte nuclei (B). Values reported are mean±SEMI of three independent 
experiments. 
70 
Chapter I. Results 
Figure 26: Effect of desferrioxamine mesylate/histidine on ApoG2 induced DNA 
breakage in lymphocytes (A) and lymphocyte nuclei (B). 
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Lymphocyte/lymphocyte nuclei were incubated with the reaction mixture (2.0 ml) 
containing ApoG2 (50 µii) and indicated concentrations of desferrioxmine 
mesvlate/histidine at 4°C for 1 hr and processed further for comet assay as described in 
"Methods". Comet tail length (µ-meters) plotted as a function of increasing 
concentrations of desferrioxmine mes late (■) and histidine (A) in lymphocytes (A) and 
lymphocyte nuclei (B). Values reported are mean±SEM of three independent 
experiments. 
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Table II: Effect of scavengers of reactive oxygen species on gossypol/ApoG2 
induced DNA breakage in intact lymphocyte. 
Treatment 	 Tail Length 	% Inhibition 
None 	 2.03 ± 0.l1'..  
Gossypol (50 AM) 26.53 ± 1.74 	 -  
+ SOD (100 µg/ml) 11.93 ± 0.98` 	 55 
+ Catalase (100 tg/ml) 12.42 ± 0.74+ 	 53 
+ "11iiourea (1 mM 15.46 ± 1.35+ 	 41 
+ %lannitol (1 mM) 14.23 ± 1.23+ 	 46 
Apogossypolone (50 AM) 30.92 ± 2.43" 	 - 
+ S011 (100 ug/tn1) 15.21 ± 1.224 	 50 
+ Catalase (100 µg/ml) 14.13 ± 1.041 	 54 
+ Thiourea (1 m,,%1) 12.64 ± 0.62' 	 59 
+ %lannitol (1 mJI) 13.84 ± 0.971 	 55 
Whole lymphocytes embedded in agarose were layered with reaction mixture containing 
gossvpol or .\poG2 in presence of scavengers of ROS at concentrations indicated at 4 °C 
for 1 hr and further processed for comet assay as described in "Methods" 
Values reported are mean±Sl ;.\i of three independent experiments. 
and # p<0.05 when compared to 
+ p value<0.05 when compared to 
¶ p value<U.05 when compared to 4' 
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Table III: Effect of scavengers of reactive oxygen species on gossypol/ApoG2 
induced DNA breakage in lymphocyte nuclei. 
Treatment 	 Tail Length 	% Inhibition 
None 	 3.1 1 ± 0.09" 
Gossypol (50 µM) 33.80 ± 1.41 	 -  
+ SOD (1UU µg/ml) 13.40 ± 0.82 	 60 
+ Catalase (100.tg/ml) 14.82 ± 0.88+ 	 56 
+ Thiourea (1 mM) 16.55 ± 0.95` 	 51 
+ \lannitol (1 m\1) 17.56 ± 1.02+ 	 52 
Apogossypolone (50 µM) 37.04 ± 1.82" 	 - 
+SOD (1U() .g/ ml) 15.54 ± 1.08' 	 58 
+ Catalase (100 µg/ml) 16.24  ± 1.21 	 56 
+ 'Thiourea (1 mM) 15.16 ± 0.92' 	 59 
+ 'Mannitol (1 mM) 15.44 ± 0.974 	 58 
Lyymphocyte nuclei embedded in agarose were layered with reaction mixture containing 
gossvpol or .ApoG2 in presence of scavengers of ROS at concentrations indicated at 4 °C 
for 1 hr and further processed for comet assay. 
Values reported are mean±SEM of three independent experiments. 
' and # p<O.US when compared to 
+ p value<0.05 when compared to 
IT p value<0.05 when compared to # 
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Figure 27: Effect of preincubation of lymphocyte with neocuproine and thiourea 
on TBARS generated by increasing concentrations of (A) gossypol and (B) 
ApoG2. 
1.vmlhocvte cells were prcicvbated with fixed concentration of neocuproine and 
thiourea for 30 min at 3Y°C after which they were further incubated for lhr in the 
presence of increasing concentrations of gossypol (A) and ApoG2 (B). Compound alone 
(0), Compound+ neocuproine (1 tnM) (0), Compound + thiourea (1 mil) (s). Values 
reported are mean of three independent experiments. 
'p value < 0.05 when compared to untreated control 
p value < 0.05 when ' value compared to ** value 
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Figu re 28: H202 generation by tannic acid, gossypol and ApoG2 in the incubation 
medium. 
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_\ comparison of the rate of H2O, formation by tannic acid (-) with gossvpol, ApoG2 
(not so distinct) in the incubation medium of the lymphocytes as determined bN• Fox 
assay. 
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Figure 29: Stoichiometry of copper reduction by gossypol and ApoG2. 
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Detection of stotchtomentry of con'tpounds-Cu(II) interaction. The concentration of 
goss}•pol (L) and ApoG2 (0) were 25 .tM in the presence of 0.4 mM neocuproine. The 
absorbance of samples at 450 nrn is plotted vs equivalents of Cu(II) per molar equivalent 
of compounds. All points represent triplicate samples and the mean values are plotted. 
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-9&3 
DISCUSSION I 	„  
Most of the pharmacological properties of plant polyphenolsyare considered to 
reflect their ability to scavenge endogenously generated oxygen radicals or those 
free radicals formed by various xenobiotics, radiations etc. However, some data in 
the literature suggests that the antioxidant properties of the polsphenotc 
compounds may not fully account for their chemopzeventive effects (Gall et al., 
1992; Hadi et al., 2000). Although most plant polvphenols are considered to have 
a physiological role as antioxidants, they may also exhibit prooxidant properties in 
the presence of transition metals such as copper (Inoue et al., 1994: Abroad et al., 
1992). The results presented in this chapter lead to the following conclusions: 
(i) gossypol and ApoG2 are directly able to interact with DNA and copper and 
possibly form a ternary complex of DNA-Cu-compound; (ii) both the 
compounds are able to reduce Cu(11) to Cu(J); (iii) redox cycling of copper in the 
presence of gossypol/ApoG2 leads to the generation of ROS, such as superoxide, 
hydroxyl radicals, moreover, ApoG2 generates a significantly higher degree of 
hydroxyl radicals than gossypol; (iv) gossypol and ApoG2 induce strand scission 
in calf thymus DNA and plasmid DNA in presence of copper ions; (v) cellular 
DNA breakage induced by gossypol and ApoG2 in normal lymphocytes involves 
redox-eyeing of endogenous copper, possibly chromatin bound copper; (vi) the 
relatively higher DNA breakage efficiency of ApoG2 is possibly accounted for by 
the presence of yuinonoid moieties which impart a greater degree of membrane 
permeability. Copper mediated further oxidation of ortho-hydroxyl groups in 
ApoG2 may lead to a greater degree of DNA breakage capacity. Possibly, this 
further accounts for the enhanced DNA breakage capacity of ApoG2. As already 
mentioned both gossypol and ApoG2 have been shown to possess anticancer and 
apoptosis inducing properties in various cancer cell lines (Huang et al., 2006; 
Zhang et al., 2009; Mi et al., 2008; Arnold et al., 2008). Thus it may be suggested 
that gossypol and ApoG2 fall under the category of plant polyphenols such as 
flavonuids, catechins etc (considered to possess anticancer properties) that are 
able to mobilize endogenous copper leading to the formation of reactive oxygen 
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species and consequent cellular DNA breakage (Hadi et al., 2000; Hadi et al 2007, 
Hanif ct al., 2008, Shaman ct al., 2008, Ullah ct al., 2009, Khan ct al., 2011). This 
could be an important mechanism for the anticancer properties of gossypol and 
ApoG2. 
The results presented above arc in further confirmation of our hypothesis which 
envisages the mobilization of endogenous copper and the consequent generation 
of ROS. Since tumor cells arc already under considerable oxidative stress any 
further increase in ROS levels is likely to be cvtotoxic (Schumacker, 2006). Thus, 
the mechanism proposed by us is an alternative, non-enzymatic and copper 
dependent pathway for the c -`totoxic action of certain anticancer agents that are 
capable of mobilizing and reducing endogenous copper. Such a common 
mechanism better explains the anticancer effects of antioxidants with diverse 
chemical structures as also the preferential cvtotoxicity towards cancer cells. 
Further, this also leads to the prospect of synthesizing novel anticancer 
compounds with greater permeability and half-life in cells and more efficient 
copper-chelation and -reducing capabilities. 
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DNA binding and its degradation by 
thymoquinone in the presence of copper ions. 
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RESULTS II 
Absorption spectra of TQ in presence of Cu(II): 
The formation of TQ—Cu(II) complex was examined. This study was carried out 
by recording the absorption spectra of TQ with increasing concentrations of 
Cu(II). The result given in figure 30 shows that the addition of Cu(II) to TQ 
results in an enhancement in the peak appearing at its i,,,,,X. The absorption spectra 
of TQ in the presence of copper suggests a simple mode of interaction between 
the TQ and copper. 
Detection of TQ induced Cu(I) production by bathocuproine: 
The production of Cu(I), as a result of reduction of Cu(II) by TQ, was analyzed 
using bathocuproine which is a Cu(I) specific sequestering agent. Bathocuproine 
binds specifically to the reduced form of copper, Cu(I), but not to the oxidized 
form, Cu(II) (Simpson et al., 1992). The Cu(I)-bathocuproine complex exhibits an 
absorption maximum at 480 nm. As shown in figure 31, neither Cu(II) nor 'I'Q 
interfere with the maxima, TQ + Cu(II) react to generate Cu(I) which complexes 
with bathocuproine as evidenced by the peak appearing at 480 nm. The result 
shows that 'I'Q is able to reduce Cu(II) to Cu(I) and may contribute to the rcdo>x 
cycling of the metal. 
Stoichiornetry of Cu reduction by TQ: 
"I'hc ab )VC result shows that TQ is able to reduce Cu(I1) to Cu(I). 'I'o assess the 
reducing efficiency, stoichiometric stud- was carried out and Job plot of 
absorbance vs ICu(I I)J / [I'Q was plotted. The result in figure 32 shows that a 
clear stoichiometry of Cu(II) reduction is not obtained. The absorbance of 
bathocuproine-Cu(I) complex continues to increase with concentration of TQ 
possibly reflecting the various oxidized states of TQ, which by themselves are able 
to reduce Cu(II). 
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Formation of complexes involving calf thymus DNA with TQ: 
Figure 33 shows the effect of addition of increasing molar base pair ratios of calf 
thymus DNA on the fluorescence emission spectra of TQ excited at 255 nm. 
Such an addition resulted in a dose-dependent enhancement of the fluorescence. 
There was however, no significant shift in the ),,,,1x emission suggesting a simple 
mode of binding of DNA and TQ. The control (native DNA alone) when excited 
at the same wavelength (255 nm) did not interfere with the emission spectrum, 
thus confirming the binding results. 
Effect of increasing concentration of Cu(II) on the fluorescence emission 
spectra of TQ: 
Binding of copper ions to TQ was studied by the effect of increasing Cu(II) molar 
ratios on the fluorescence emission spectra of the compound. The result shown in 
Figure 3.1 clearly indicate the binding as addition of Cu(II) causes quenching of 
TQ fluorescence. These results support the result of absorption studies shown in 
figure 31 where formation of '1'Q-copper complex was demonstrated. 
Detection of oxygen radical generation by TQ: 
I-kdroxvl radicals: Rahman et al. (1989) have previously shown that during the 
reduction of Cu(II) to Cu(I), reactive oxygen species such as hvdroxvl radicals are 
formed which may serve as the proximal DNA cleaving agent. Therefore, the 
capacity of TQ to generate hN,droxvl radical in the presence of Cu(II) was 
examined. The assay is based on the fact that degradation of DNA by hvdroxvl 
radicals results in the release of '1'13.1 (2-thiobarbituric acid) reactive material, 
which forms a colored adduct with TB.\ whose absorbance is read at 532 nm 
(Quinlan and Gutteridge, 1987). The result given in figure 35 clearly shows that 
increasing concentrations of the compound leads to a progressive increase in the 
formation of hvdroxvl radicals. 
Superoxide anion: The production of superoxide anion was determined by the 
method of Nakayama et al (1983), which involves reduction of NBT by TO to a 
formazan. The time dependent generation of superoxide anion by TQ, as 
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evidenced by the increase in absorbance at 560 nm is shown in Figure 36. The fact 
that NBT was genuinely assaying superoxide was confirmed by SOD (100 g/ml) 
inhibiting the reaction (results not shown). It is known that superoxide may 
undergo automatic dismutation to form H202 which in the presence of transition 
metals such as copper may' lead to the formation of hydroxyl radicals. 
Agarose gel electrophoretic pattern of ethidium bromide stained pBR322 
DNA treated with TQ and Cu(II): 
To examine the efficacy of '1'Q-Cu(II) system in DNA cleavage, in l"igure 37, the 
ability of TQ to cause cleavage of supercoiled plasmid pBR322 DNA in the 
presence of copper ions was tested. As can be seen from the ethidium bromide 
stained agarose gel pattern, 30 µl\i copper alone does not cause significant DNA 
cleavage and TQ alone at relatively higher concentration of 150 µif leads to some 
1)NA cleavage. However, increasing concentrations of TQ (50-150 µ i) in 
presence of 30 iM copper leads to progressive increase in the generation of open 
circular topological structures of plasmid DNA, demonstrating that 'I'Q is capable 
of DNA degradation in the presence of copper ions. 
Degradation of calf thymus DNA by TQ: 
Single strand spccitic nuclease, isolated from 1'i~eim .~i1n':inr (Wani and l Iadi, 1979), 
was used to assess degradation of calf thymus DN.A by TQ. TQ in the presence 
of Cu(II) was found to generate single strand specific nuclease sensitive sites in 
calf thymus DN.\ as evidenced from the reaction assessed by recording the 
proportion of DNA converted to acid soluble-nucleotides by the nuclease. Figure 
38 gives the dose response curve of such a reaction. However, 'I'Q in the absence 
of Cu(II) did not show significant degradation of calf thymus DNA. Control 
experiments (data not shown) established that heat denatured DNA underwent 
100° o hydrolysis following the treatment With nuclease. In the presence of Cu(II) 
(50 a\1), increasing concentrations of TQ resulted in an increase in nuclease 
sensitive sites in DNA leading to increased DNA hydrolysis. 
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DNA breakage by TQ in human peripheral lymphocytes in presence and 
absence of Cu(II): 
Increasing concentrations of TQ (0-40 µ.Nl) alone and in the presence of CuC12 
(25 .t f) were tested for DNA breakage in isolated human peripheral lymphocytes 
using comet assay. The corresponding comet tail length is plotted as a function of 
compound concentration in figure 39. It is seen that whereas TQ alone causes 
breakage of cellular DNA, the degree of such breakage is significantly enhanced in 
the presence of Cu(II). Cu(II) (25 µii) controls were similar to untreated 
lymphocyte without any significant DNA breakage. The results clearly establish 
that TQ-Cu(II) system is capable of DNA breakage in isolated lymphocytes. Thus, 
such cellular DNA breakage is physiologically feasible and could be of biological 
significance. 
Comparison of DNA breakage by TQ in intact lymphocytes and 
lymphocyte nuclei: 
Since in the lv-sed version of the Comet assay, membrane and cytoplasmic barrier 
are eliminated it would be reasonable to assume that the compounds are able to 
directly interact with the cell nuclei. Thus, considerably greater DN:1 breakage 
should be observed in the lysed version as compared with the standard -version 
where intact lymphocytes are used. Increasing concentrations (0-40 nil) of TQ 
(figure 40) was tested for DNA breakage in intact lymphocytes and compared 
with that observed with lymphocyte nuclei. It is seen that the rate of tail formation 
is considerably greater in the case of lvsed version suggesting that TQ is able to 
directly interact with the nuclei when lysed version of comet assay is used. 
Effect of neocuproine/bathocuproine on TQ induced DNA breakage: 
In the experiment shown in figure 41, the DNA breakage induced by TQ in intact 
lymphocytes and h'mphocrte nuclei has been assessed in the presence of Cu(I) 
specific chelators neocuproine and bathocuproine. Incubation of lymphocytes 
with neocuproine (a cell membrane permeable copper chelator) inhibited DNA 
degradation in intact lymphocytes. Bathocuproine disulphonate (the water soluble 
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membrane impermeable analog of ncocuproine) which is unable to permeate 
through the cell membrane did not cause such inhibition. This study has further 
shown that TQ is able to degrade DNA in cell nuclei and that such DNA 
degradation is inhibited by neocuproinc as well as bathocuproine disulphonate 
(both of which arc able to permeate the nuclear pore complex), suggesting that 
nuclear copper is mobilized in this reaction. 
Effect of desferrioxamine/histidine on TQ induced DNA breakage: 
It may be mentioned that Fe" and Cu'- are the most redox active of the metal 
ions present in living cells. Also, copper and zinc are the major metal ions present 
in the nucleus (Bryan, 1979). To examine the possible involvement of iron and 
zinc in '1'Q-induced DNA breakage, the effect of desferrioxamine mesvlate (a 
Fe(II) specific chelator) and histidine (a zinc specific chelator) has been examined 
on DNA breakage in lymphocytes and lymphocyte nuclei. The results of figure 42 
(.1&B) indicate that whereas desferrioxamine mesvlate is able to inhibit 
TQ-induced DNA breakage in whole lymphocytes to a certain degree, it did not 
provide any protection on '1'Q-induced DNA breakage in cell nuclei. However, 
histidine was unable to inhibit TQ-induced DN.1 breakage in whole lymphocytes 
as well as lymphocyte nuclei. These results indicate that TQ-induced DNA 
breakage in lymphocytes involves mobilization endogenous copper, possibly 
chromatin-bound copper and that Cu (1) is an intermediate in the pathway, and to 
a certain extent cellular iron. 
Effect of scavengers of ROS on TQ induced DNA breakage: 
Table IN' gives the results of an experiment where various scavengers of ROS 
such as SOD, catalase and thiourea were tested for their effect on TQ-induced 
DNA breakage in intact lymphocytes and lymphocyte nuclei. SOD and catalase 
remove superoxide and H202 respectively and thiourea removes hvdroxvl radicals. 
All scavengers caused a significant inhibition of DNA breakage as evidenced by 
decreased tail lengths. It may be mentioned that due to the site specific nature of 
the reaction of hvdroxvl radicals with DNA it is difficult for any trapping 
molecules to intercept them completely (Czene et al., 1997). Thus complete 
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inhibition of DNA breakage in the presence of scavengers of ROS is not seen. 
The results indicate that superoxide anion and H202 are essential components in 
the pathway that leads to the formation of hydroxyl radical and other species 
which would be the proximal DNA cleaving agents. It is suggested that a 
mechanism involving reactive oxygen species is responsible for cellular DN:\ 
breakage induced by TQ. 
Effect of preincubation of lymphocytes with thiourea/neocuproine on 
TBARS: 
As mentioned above, it is suggested that lymphocyte DNA breakage induced by 
the TQ is the result of the generation of ROS in situ. Oxygen radical damage to 
deoxvribose or DNA is considered to give rise to TBA reactive material (Quinlan 
& Gutterige, 1987). In the experiment shown in figure 43, the formation of TBA 
reactive substance ('IBARS) as a measure of oxidative stress in lymphocytes with 
increasing concentrations of '1Q has been determined. The effect of preincubating 
the cells with neocuproine and thiourea was also studied. It was seen that there is 
a dose dependent increase in the formation of '18:1 reactive substance in 
lymphocytes. However, when cells were preincubated with neocuproine and 
thiourea there was a considerable decrease in the rate of formation of TBARS by 
TQ. The results given in figure 43 along with the above results indicate that both 
DNA breakage and oxidative stress in cells is inhibited by Cu(1) chelation and 
scavenging of reactive oxygen. Thus it can be concluded that the formation of 
ROS by TQ in lymphocytes involves its interaction with intracellular copper as 
well as its reduction to Cu(I). 
Detection of H202 generation in incubation medium by TQ using FOX 
assay: 
It is well known that polvphenolic antioxidants auto-oxidize in cell culture media 
to generate H2O, that can enter cells/nuclei causing damage to various 
macromolecules (Long et al, 2000). This may lead to extraneous production of 
ROS that could also account for cellular DNA breakage. In order to examine this 
possibility we have determined the formation of 11202 by the TQ in the 
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incubation medium and compared it with a known generator of Hen, namely 
rannic acid (What and Hadi, 1994). In the result given in figure 44, the rate of 
formation of I-1202 by tannic acid in the incubation medium is considerably 
significant; however, the rate of H202 production by TQ and genistein is 
significantly negligible. Ullah et al. (2009) have shown that tannic acid is not 
effective in causing DNA breakage, whereas isoflavones show a significant DNA 
breakage. Thus, these results indicate that cellular DNA breakage by TQ 
antioxidant observed in our studies is not the result of extracellular production of 
H202. 
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Figure 30: Absorption spectra of TQ in the presence of Cu(II). 
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The 3.Oml reaction mixture contained 10mM 'Iris-HCI (pH 7.5), 50 xM1 TQ and 
increasing concentrations of Cu(II). The spectra were recorded after immediately the 
addition of components indicated: 
(1) 'FQ alone ( 	) 
(2) TQ + 50 µM1 Cu(I I) (— — —) 
(3) TQ + 100 µM Cu(II) (- - - - -) 
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Figure 31: Detection of TQ induced Cu(I) production by bathocuproine. 
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RcactiOn mixnirc (3.O ml) contained 1O ►nM Tris-HC1 ( )H 7.5) along with 300 iM 
bathocuproine and indicated concentrations of the following:- 
(1) Bathocuproine + I00 µ:AI Cu(II) 
(2) Bathocuproinc + 50 µ1I TQ 
(3) Bathocuproinc + j0 µM TQ + 100 µM[ Cu(II) 
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Figure 32: Stoichiometry of copper reduction by TQ. 
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Detection of stoichiomentnv of '1'Q-Cu(II) interaction. The concentration of '1'Q was 
25 µif in the presence of 0.4m\l bathocuproine. The absorbance of samples at 480 nm 
is plotted vs equivalents of Cu(II) per molar equivalent of compounds. All points 
represent triplicate samples and the mean values are plotted. 
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Figure 33: Effect of increasing native DNA base pair molar ratios on the 
fluorescence emission spectra of TQ. 
IF 
TQ iin I (lm\I 'I-ris-HCI, pH ^.5) was excited at 255 nm and the emission spectra were 
x 	 recorded between 500-54() nm. 
—] '1"Q alone (25 µ\I) 
[---1 TQ: DNA base pair molar ratio (1:1) 
[- - I TQ: DNA base pair molar ratio (1:2) 
[ j TQ: DNA base pair molar ratio (1 :4) 
I— — J TQ: I)NA base pair molar ratio (1:6) 
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Figure 34: Effect of increasing concentration of Cu(II) on the fluorescence 
emission spectra of TQ. 
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1( in I11mM 'l'ris-I -l( 1, 1)11 ^ .5) was excited at 255 nm and the emission spectra were 
recorded between 500-540 nm. 
[—] TQ alone (25 i%, I) 
[--- J TQ: Cu(II) molar ratio (1:1) 
[- - I TQ: Cu(II) molar ratio (1:2) 
J TQ: Cu(II) molar ratio (1:4) 
[– – J TQ: Cu(II) molar ratio (1:6) 
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Figure 35: Hydroxyl radical generation by TQ. 
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Reaction mixture (0.5 nil) contained 100 g calf thymus DNA as substrate, 50 µM Cu(II) 
and indicated concentrations of TQ. The reaction mixture was incubated at 37 °C for 30 
min. Hydroxyl radical formation was measured by determining the TBA reactive material 
as described in "Methods". ; ll values reported are mean ± SEM of three independent 
experiments. 
**p<0.05 when compared to `untreated control. 
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Figure 36: Photogeneration of superoxide anion by TQ on illumination under 
fluorescent light as a function of time. 
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Reaction mixture contained 10 m\I phosphate buffer (pH 7.5) and 50 µM of TQ. The 
samples were placed at a distance of 10 cm from the light source. All values reported are 
means of three independent experiments. 
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Figure 37: Agarose gel electrophoretic pattern of ethidium bromide stained 
pBR322 plasmid DNA after treatment with TQ in the absence and presence of 
copper. 
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Lane ( :: 	pI~R322 1)N + Cu (II) 31) 1t\l 
Lane 1,2,3: 	PBR 322 D\.A + TO (50, 100, 1 S() µ1\l) 
Lane 4,7,(: 	pRIZ322 D\_A + Cu(II) 30 µii + "1Q (50, 100, 150 tit) 
93 
Chapter II: Results 
Figure 38: Degradation of calf thymus DNA by TQ in the presence of Cu(II) as 
measured by the degree of single strand specific nuclease digestion. 
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Reaction mixture (1.0 ml) containing 10 mMI Tris-HCI (pH 7.5) and 500 µg calf thymus 
DNA was incubated at 37 °C with indicated concentrations of TQ, alone (+) and with 
Cu(II) (50 µMI) (■). Single strand specific digestion was performed using Si Nuclease 
isolated from Pisum salinuuu. All points represent triplicates and mean values have been 
plotted. 
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Figure 39: DNA breakage by TQ in human peripheral lymphocytes in the 
absence and presence of Cu(II). 
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1 s 1 (f lymphocyte cells were incubated in microfuge tubes with reaction mixture at 4°C 
for 1 h. Reaction mixture contained RPNII (400 µl), Ca`' and '\Ig2 ' free PBS, increasing 
concentrations of TQ (0-40 1A1~, alone (0) and with fixed concentration of Cu(II) 
(25 4\M (0) and processed further for comet assay as described in "Methods" 
All points represent mean ± S11 of three independent experiments. 
**p<O.05 when compared to *(untreated control cells). 
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Figure 40: Comparison of DNA breakage by TQ in intact lymphocytes and 
lymphocyte nuclei as measured by comet assay. 
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I x 10 lymphocyte cells/lymphocyte nuclei embedded in agarose were incubated with the 
reaction mixture (2.0 ml) containing RPMI (400 µl), Ca'' and Mg -` free PBS for 
lymphocyte cells (•)] or 0.4 ICI phosphate buffer (pH 7.5) [for lymphocyte nuclei (•)J 
with indicated concentrations of TQ (0-40 µ.Ni) at 4 °C for 1 h and processed further for 
comet assay as described in "Methods". 
Error bars denote ±SENT 
**p<0.05 when compared to "(untreated control cells). 
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Figure 41: Effect of neocuproine/bathocuproine on TQ induced DNA breakage 
in lymphocytes (A) and lymphocyte nuclei (B). 
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\\'hole lymphocyte/lymphocyte nuclei embedded in agarose were incubated with the 
reaction mixture (2.0 nil) containing TQ (40 µni) and indicated concentrations of 
neocuproine (A) or bathocuproine (0) at 4°C for 1 h and processed further for comet 
assay as described in "'Methods". 
Values reported are mean ± SF1 l of three independent experiments. 
`P value < 0.05 and significant when compared to "(untreated control). 
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Figure 42: Effect of desferrioxamine mesylate/histidine on TQ induced DNA 
breakage in lymphocytes (A) and lymphocyte nuclei (B). 
(A) 
35 
30 
_ 25 
E 
20 
15 
ffi 
10 
5 
0 
0 	 50 	 100 	 150 	 200 
Concentration (NM) 
(B) 45 
40 
35 
30 
f 25 
a 20 
15 
10 
5 
0 
0 	10 	20 	30 	40 	50 
Concentration (uM) 
Whole lymphocyte/lymphocyte nuclei embedded in agarose were 
incubated with the reaction mixture (2.0 ml) containing TQ (40 µ`1) and 
indicated concentrations of desferrioxamine mesylate (■) or histidine (•) 
at 4°C for l h and processed further for comet assay as described in 
".lethods". 
Values reported are mean ± SEMf of three independent experiments. 
P value < 0.05 and significant when compared to *(untreated control). 
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Table IV: Effect of scavengers of reactive oxygen species on TQ induced DNA 
breakage in intact lymphocyte and lymphocyte nuclei. 
Treatment 
	 Whole Lymphocyte 	 Lysed Cells 
Tail Length % Inhibition 	Tail Length % Inhibition 
None 
	 ?23±0.(19.. 	 2.39 + (1.07
..  
TQ (40 µM) 	 29.28 ± 1.42 	- 	42.86 ± 2.04' 
+ SOD (100 µg/nil) 	12.26 ± 0.82 	58 	16.28 ± 0.94• 
	
62 
+ Catalase (100.tg/ml) 	13.41 ± 0.88' 	54 	15.41 ± 0.83' 
	
64 
t Thiourea (1 mil) 	15.46 ± 1.35' 	51 	15.80 ± 1.35+ 
	
65 
Whole lymphocytes and lymphocytes nuclei were layered with reaction mixture 
containing TQ (40 µdl) in presence of scavengers of ROS (at indicated concentrations) at 
4 °C for I h and processed further for comet assay as described in "Methods". 
*p<0.05 when compared to *% 
+p<O.OS when compared to 
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Figure 43: Effect of preincubation of lymphocyte with neocuproine and thiourea 
on TBARS generated by increasing concentrations of TQ. 
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Lymphocyte cells were prsincubated with fixed concentration of neocuproine and 
thiourea for 30 min at 37°C after which it was further incubated for 1hr in the presence 
of increasing concentrations of TQ. Thvmouinone alone (1), "1'Q + neocuproine (1 mM) 
(■), TQ + thiourea (1 mM) (A). Values reported are mean of three independent 
experiments 
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Figure 44: H2O, generation by tannic acid and TQ in the incubation medium. 
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A comparison of the rate of H,O2 formation by tannic acid (•), genistein (a') and TQ 
(0) in the incubation medium of the lymphocytes as deteniwied by Fox assay described 
in "Methods". 
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DISCUSSION II 
It is generally understood that antioxidants counteract ROS production and 
inhibit the R()S-induced oxidative DNA damage and therefore reduce the risk of 
cancer. However, some data in the literature suggests that the antioxidant 
properties of such compounds may not fully account for their chemopreventive 
and therapeutic properties (Ahmad et al., 1992; Gali et al., 1992). Over the last 
several years this laboratory has extensively characterized oxidative DNA cleavage 
reactions mediated by polvphenolic antioxidants in the presence of copper ions 
(Khan and Hadi, 1998; Ahsan and Hadi, 1998, Ahmad et al., 2000; :\zam et al., 
2004; Hanif et al., 2007; Ullah et al., 2011; Khan et al., 2011). The results present 
in this chapter lead to the following major conclusions: (i) the antioxidant TQ 
forms a complex With both DNA as well as Cu(II) and possibly in the presence of 
all three, a ternary complex of the '1'Q-Cu(II)-DNA is formed; (ii) Cu(11) is 
reduced by TQ in the complex to generate Cu(I); (iii) 1'Q is able to cause DNA 
cleavage in calf thymus DNA and pBR322 plasmid DNA in the presence of 
copper ions; (iv) TQ is able to cause DNA breakage in the absence of added 
copper ions in lymphocytes presumably through mobilization of endogenous 
copper ions; (v) redox cycling of copper leads to the generation of various ROS, 
particularly the hydroxyl radical which may serve as the proximal DNA cleaving 
agent. 
It has been reported that several chemopreventive agents that are antioxidants at 
some concentrations become prooxidants at other concentrations (Lee and Park, 
2003). Moreover, the antioxidant/prooxidant ability of a compound depends on 
the milieu where it is present (El-Najjar et al., 2010). Several lines of evidence 
suggest that TQ has potent anion scavenging abilities in different models (Nagi 
and Mansour, 2000; Badanv et al., 2003). TO belongs to a family of quinones that 
can undergo non-enzymatic redox cycling. TO with their respective scmiquinone 
radicals may generate superoxide anion radicals (Bolton et al., 2000). Evidence in 
the literature shows that various quinones (e.g. furanonaphthoquinones, 
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pyrrolo[2,1-c] [1,4]benzodiazepine-anthraquinone, 2-acylamine-1,4-napthoquinone 
and 1,4-napthoquinone) induce apoptosis in cancer cells by generating ROS 
(Simamura et al., 2006; Kamal ct al., 2007; Bezcrra et al., 2008). Recent studies 
have shown that TQ-induced apoptosis in colon cancer and prostate cancer cell 
lines is mediated by ROS (Koka et al., 2010; El-Najjar et al., 2010). 
These results place TQ in a class of plant-derived antioxidants such as flavonoids 
(Ahmad et al., 1992), tannins (Bhat and Hadi, 1994), catechins (Azam et al., 2004) 
stilbenes (Azmi et al., 2008) and ascorbic acid (Ullah et al., 2010) (known to 
possess anticancer properties) which also exhibit prooxidant DNA damaging 
properties. The generation of oxygen radicals in the proximity of DNA is well 
established as a cause of strand scission (Ahmad et al., 1992; Bhat and Hadi, 1994; 
Rahman et al., 1989). It is generally recognized that such reactions with DNA are 
preceded by association of the ligand with DNA, followed b the production of 
oxygen radicals at that site (Pryor, 1988). The results presented here show that TQ 
is capable of binding to DNA as well as copper and thus it would be reasonable to 
assume that a similar mechanism operates in the case of TQ-Cu(II) mediated 
DNA cleavage. Thus, the mechanism proposed by us is an alternative, non-
enzymatic and copper dependent pathway for the cvtotoxic action of certain 
anticancer agents that are capable of mobilizing and reducing endogenous copper. 
Such a common mechanists better explains the anticancer effects of antioxidants 
with diverse chemical structures as also the preferential cy totoxiciry towards 
cancer cells. 
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Effect of gossypol, its derivative apogossypolone 
and thymoquinone on cancer cell lines. 
Chapter III: Results 
RESULTS III 
Gossypol, ApoG2 and TQ do not inhibit proliferation of normal breast 
epithelial cells: 
Normal breast epithelial MCF-10A cells were subjected to treatment with 
increasing concentrations of gossypol/ApoG2/TQ in an MIT assay. The result in 
figure 45 shows that the compounds do not cause any significant inhibition of 
MCP-10A cell proliferation. 
Inhibition of cancer cell proliferation by gossypol and ApoG2: 
Jr order to verify cancer cell growth inhibition by gossypol and ApoG2, cells from 
pancreatic cancer cell line, BxPC3; breast cancer cell line, MDA-MB-23l; and 
prostate cancer cell line, PC3; were subjected to treatment with varying 
concentrations of gossypol/ApoG2 in an MIT assay. As can be seen from the 
results given in figure 46 and 47, both compounds cause a clear concentration 
dependent inhibition of growth in all of the three cancer cell lines. 
Induction of apoptosis by gossypol and ApoG2 in cancer cell lines; 
As shown above, gossypol and ApoG2 are able to inhibit cancer cell proliferation. 
Further, in order to compare the apoptosis inducing potential of the two 
compounds in cancer cell fines; BxPC3, MDA-MB231 and PC3, Histone-DNA 
ELISA was performed. As can be observed from the results given in figure 48, 
exposure of the cancer cells to increasing concentrations of the compounds 
(0-20 iMj for 72 h leads to a progressive increase in the absorbance at 405 nm 
indicating increased apoptosis in presence of these compounds. Moreover, 
ApoG2 was found to induce a significantly greater degree of apoptosis in all the 
cancer cell lines tested- As 5µM concentration of gossypol and ApoG2 was found 
to induce more than 50% growth inhibition in most of the cancer cell lines tested, 
further studies with these compounds were done at 5 tM concentration. 
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Neocuproine inhibits cell proliferation and apoptosis induction by 
gossypol/ApoG2 in cancer cell lines: 
Previously it has been shown that copper chelators neocuproine and 
bathocuproine are able to inhibit the oxidative breakage of cellular DNA by 
gossvpol and ApoG2 (Chapter 1), suggesting the involvement of endogenous 
copper in the process. Moreover, it is well established that tissue, cellular and 
serum copper levels are considerably elevated in various malignancies (Gupte and 
Mumper, 2008). In the experiment given in figure 49 it is seen that copper 
chelator neocuproine is able to protect the cancer cells against the cytotoxic action 
and apoptosis induction of both gossypol as well as ApoG2, whereas iron chelator 
desfernoxamine mesvlate and zinc chelator histidine do not provide any 
significant inhibition against gossypol/ApoG2 induced apoptosis in cancer cell 
lines. Thus, confirming the idea that the anticancer activity of the parent 
compound gossvpol and its derivative ApoG2 through the same mechanism 
which involves mobilization of endogenous copper. 
Involvement of ROS in gossypol/ApoG2-induced cell death: 
Since copper levels are considerably elevated in various malignancies (Gupte and 
Mumper, 2008), cancer cells may be subject to greater electron transfer between 
copper ions and gossvpol,/.\poG2 to generate ROS. As summarized in Table V, 
all the three scavengers of ROS; i.e. SOD, catalase and thiourea; caused inhibition 
of gossvpol/ApoG2-induced apoptotic activities in all the three cancer cell lines. 
From the data it is suggested that induction of apoptosis in cancer cell lines by 
these compounds is mediated by the formation of ROS. Generation of superoxide 
anion may spontaneously lead to the formation of H:O:, which in turn causes the 
formation of hv-drox}•1 radical through oxidation of reduced copper (l:enton type 
reaction). Cancer cells have an imbalance in antioxidant enzymes compared with 
normal cells (Oberlev and Oberley, 199-7). In cancer cells, ROS levels can 
overwhelm the cells' antioxidant capacity, leading to irreversible damage and 
apoptosis (Kong et al., 2000). 
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Neocuproine decreases gossypol/ApoG2-induced suppression of 
clonogenic potential of cancer cell lines: 
Clonogenic assay or colony formation assay is an in vitro cell survival assay based 
on the ability of a single cell to grow into a colony. The assay is designed to assess 
a cell's ability to grow unattached to a surface and it is a method of choice to 
determine cell's reproductive death after treatment with a cytotoxic agent. As 
shorn in figure 50, treatment of cancer cell lines NIDA-MB-231, BxPC3 and PC3 
with goss}pol and ApoG2 resulted in decrease of anchorage-dependent colonies. 
Treatment of cells with gossypol/ApoG2 in presence of neocuproine lead to a 
significant increase in the number of colonies. Thus, again suggesting the role of 
copper in gossvpol and ApoG2 induced cell growth inhibition. 
Inhibition of cell proliferation on prostate cancer cell lines treated with TQ: 
Cells from prostate cancer cell lines PC3, LNCaP, DL`145 and C42B %%,ere treated 
with varying concentrations of '1'Q (0 — 20 µMI) for 72 h. As can be seen from the 
figure 51, TQ caused a clear dose-dependent inhibition of cell proliferation in all 
cell lines tested. Further experiments were then carried out using 5 µ.NI TQ on 
prostate cancer cell lines PC3 and LNCaP as at this concentration these cell lines 
were found to be the most responsive to 'I'Q treatment. 
Neocuproine inhibits the anti-proliferative activity of TQ on prostate 
cancer cells: 
It was earlier shown that the DNA damaging effect of IQ is inhibited in presence 
of copper specific chelators in the lysed version of comet assay (Chapter 2). Thus 
in order to verify that the cvtotoxic action of TQ in cancer cells is also copper 
mediated, prostate cancer cell lines PC3 and LNCaP were treated with 5µNI TQ in 
the presence of metal specific chelators. As can be seen in the figure 52, 
neocuproine (Cu specific chelator) significantly inhibits the cvtotoxic effect of TQ 
as compared to desferrioxamine (Fe specific chelator) and histidine (Zn specific 
chelator) in both the cell lines. 
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TQ induced apoptosis in cancer cell lines is inhibited by copper chelator: 
The results obtained from DNA-Histone ELISA (figure 53A) clearly show that 
the exposure of prostate cancer cells to increasing concentrations of TQ (0 — 10 
ii\l) leads to a rise in absorbance at 405 nm, due to enhanced internucleosomal 
fragmentation. Further, in the presence of neocuproine, TQ-induced apoptosis 
Was significantly inhibited (figure 53B), whereas desferrioxamine and histidine 
were unable to protect the cells. Thus, again suggesting the role of copper in TQ 
mediated cell death. 
TQ-induced apoptosis in prostate cancer cell lines is mediated by ROS: 
Al" observed in Chapter II, TQ-induced DNA breakage in lymphocytes is 
inhibited by ROS. In order to examine the involvement of ROS in "1'Q-mediated 
apoptosis in cancer cells, the effect of scavengers of ROS; SOD, catalase and 
thiourea; was tested on TQ-induced cvtotoxic action against cancer cell lines. All 
three scavengers of ROS significantly inhibited the apoptotic activity of TQ in 
both the cancer cell lines (fable VI). From the data it is concluded that the 
cvtototic action of TQ is mediated by ROS. 
Effect of neocuproine on TQ-induced suppression of TQ: 
As shown in figure 34, treatment of prostate cancer cell lines PC3 and LNCaP 
with TQ resulted in decrease of anchorage-dependent colonies. Although iron and 
zinc chelator did not interfere with the ability of TQ to inhibit colony formation, 
copper chelator neocuproine nullified the effect of TQ to a significant degree. 
Generation of ROS in MDA-MB-231 cells treated with TQ 
Figure 33, clearly indicates the generation of ROS in breast cancer cell line NIDA-
MB-231 treated with TQ as seen in the form of green fluorescence when tested by 
carboxv-H2DCFD:1 staining. Furthermore, incubation of these cancer cells with 
'1'Q in presence of neocuproine led to a marked decrease in the fluorescence 
suggesting the involvement of Cu(I) in TQ-induced ROS generation. 
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Sensitization of `normal' breast epithelial MCF-10A cells to treatment with 
gossypol, ApoG2 and TQ: 
Normal breast epithelial MCF-10:\ cells which are known to have low levels of 
copper, were cultured in media supplemented with CUC12 (copper supplemented 
cells are designated as MICF-10 1-Cu) and then treated with gossypol, ApoG2 and 
TQ. Although copper itself is known to be cytotoxic at higher concentrations, 
figure 56A indicates that there was no significant difference in cell proliferation of 
MCF-10A and NICF-IOA-Cu cells. However, when the XICF-10A and IMF-10A-
Cu were treated with the test compounds, a significant inhibition in cell growth of 
\ICF-ltA-Cu cells was seen. Thus suggesting that supplementation of copper 
a 
	
	 resulted in increase in sensitivity and inhibition of cell growth of the normal MICF- 
10 cells against these test agents. The level of copper uptake protein Ctrl was 
significantly upregulated in h1CF-10A-Cu cells as detected using western blot 
(figure 56B), accounting for an increase in the intracellular levels of copper. This 
further confirms the idea that the anticancer activity of these compounds is 
mediated by copper. 
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Figure 45: Effect of gossypol, ApoG2 and TQ on normal breast epithelial cell line 
MCF-10A. 
Gossypol(µM) 
ApoG2(pM) 
the cell proliferation of normal breast epithelial cells (ICF-10.x) in presence of 
gossvpol, ApoG2 and TQ was detected using MYF assay. MCF-10A cell were incubated 
with increasing concentration of gossypol/ApoG2/TQ, as indicated, for 72 h. ? F T 
assay was performed as described in "Methods". All results are present as percentage of 
control (± SE) of five independent experiments. 
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Figure 46: Effect of gossypol on cell proliferation of cancer cell lines as detected 
by MTT assay. 
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The cell proliferation of pancreatic cancer cell line, BxPC3; breast cancer cell line, MDA-
MB-231; and prostate cancer cell line, PC3; in presence of increasing concentrations of 
gossvpol, as indicated, was detected using MIT assay. The cells were incubated for 72 h. 
MY!' assay was performed as described in "Methods". All results arc present as 
percentage of control (± SE) of five independent experiments. 
* p<0.01 when compared to untreated (control) cells. 
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Figure 47: Effect of ApoG2 on cell proliferation of cancer cell lines as detected by 
MTT assay. 
BxPC-3 
ApoG2 (pM) 
The cell proliferation of pancreatic cancer cell line, BxPC3; breast cancer cell line, NfDA-
MB-231; and prostate cancer cell line, PC3; in presence of increasing concentrations of 
ApoG2, as indicated, was detected using Ml"I' assay. The cells were incubated for 72 h. 
NR-Y assay- was performed as described in "Methods". All results are present as 
percentage of control (± SE) of five independent experiments. 
" p<0.01 when compared to untreated (control) cells. 
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Figure 48: Comparison of apoptosis induction in cancer cell lines by gossypol and 
ApoG2. 
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I he Cell Death Detection FI.ISA Kit (Roche, Palo Alto, CA) was used to detect 
apoptosis in breast cancer cell line, MIDA-MB-231; pancreatic cancer cell line, BxPC3; 
and prostate cancer cell line, PC3; treated with increasing concentrations of gossypol and 
ApoG2, as indicated, and processed as described in "I~1ethods". Values reported are + 
SEI~f of three independent experiments. 
#p<O.05 when compared to ' value. 
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Figure 49: Effect of redox-metal-specific chelators on apoptosis induction by 
gossypol/ApoG2 in cancer cell lines. 
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Cancer cell lines were incubated with 50 tNl redox-metal-specific chelators, and treated 
«•ith 5µ.\l gossypol/ApoG2 and further processed as described in "Methods". 
Pico: ncocuproine 
l)\I: desferrioxamine mesvlate 
His: Histidine 
All results presented arc mean (±SE) of three independent experiments. 
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Table V: Effect of ROS scavengers on gossypol and ApoG2-induced apoptosis in 
cancer cell lines. 
Cell Lines 	 Apoptosis (folds) 	Effect of scavengers 
(% inhibition) 
MDA-MB-231 Untreated 
Gossvpol 2.7 
+TL' 1.65 38.89 
+SOD 1.62 40 
+Cat 1.58* 41.48 
ApoG2 3.4 
+TL' 1.55* 54.41 
+SOD 1.52' 55.29 
+Cat 1.48 56.47 
BxPC-3 	Untreated - 
C;oss\pol 2.1 
+'1'L 1.14 45.71 
+SOD 1.66 20.95 
+Cat 1.49W 29.05 
Apo(J2 2.6 
+TU 1.35* 48.08 
+SOD 1.63 37.31 
+Cat 1.58* 39.23 
PC3 	 Untreated - 
Gossvpol 2.3 
+"1'L 1.13 50.87 
+SOD 1.68 26.96 
+Cat 1.54 33.04 
:\poG2 2.9 
+'I'C 1.38 	 52.41 
+SOD 1.78* 38.62 
+Cat 1.53 	 47.24 
Cancer cell lines were incubated with different ROS scavengers, and treated with 
gossvpol/ApoG2 as described in "Methods". 
Gossvpol/ApoG2, 5 µAI; TU, 700 µIi thiourea; SOD, 100 µg/ml. superoxide dismutase; 
Cat, 100 µg/mL catalase. *p<0.05 compared to treated control. 
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Figure 50: Effect of neocuproine on clonogenic potential of cancer cells treated 
with gossypol and ApoG2. 
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Cancer cell lines were plated in 24-well plates as described in "Method". Culture was 
supplemented with 5 µ.Nl gossvpol/ApoG2 with or without metal chelator neocuproine 
(Neo, 50 µL' 1). After appropriate culture time (22 days), colonies (>50 cells) were 
counted. Experiments were carried out in quadruplicate and mean values are reported. 
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Figure 51: Effect of TQ on cell proliferation of prostate cancer cells as detected by 
MTT assay. 
The effect of TQ on cell growth in prostate cancer cell lines; PC3, LNCaP, DU 145, 
C42B; as detected by MITT assay. The cells were incubated with indicated concentrations 
of TQ for 72 h. MYf assay was performed as described in "Methods". All results are 
expressed as percentage of control ±SE of triplicate determinations from three 
independent experiments. 
p<U.O1 when compared to untreated (control) cells. 
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Figure 52: Effect of neocuproine and other metal chelators on cancer cell 
proliferation by TQ in prostate cancer cell lines. 
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"1'he effect of copper chelator neocuproine (\eo), iron chelator desferrioxatnine mest•late 
(DM) and zinc chelator histidine (His) on "1'Q-induced cell growth inhibition in PC3 and 
I.NCaP prostate cancer cells as detected by MYI assay. The cells were incubated with 
5 µii TQ in the presence of 50 µ:dl metal specific chelator for 72 h. \I'I-f assay was 
performed as described in "Methods". All results are expressed as percentage of control 
SF of triplicate determinations from three independent experiments. 
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Figure 53: Detection of apoptosis induction in prostate cancer cell lines by (A) 
TQ alone and (B) in presence of redox-active metal chelators. 
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(A) The Cell Death Detection ELISA hit (Roche, Palo Alto, CA) was used to detect 
apoptosis in PC3 and LNCaP prostate cancer cells treated with increasing concentrations 
of TQ as indicated and (B) the effect of 50 iJ\l metal chelators on TQ-induced 
apoptosis on PC3 and 1.NCaP cells. Cells were incubated with 5µM1 TQ alone or in the 
presence of copper chelator neocuproine (Neo), iron chelator desferioxamine tnesvlate 
(1)\1) and zinc chelator histidine (His) and processed further as described in "Methods". 
Values reported are ±Sly of three independent experiments. 
p<0.01 when compared to untreated (control) cells. 
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Table VI: Effect of ROS scavengers on TQ-induced apoptosis in cancer cell lines. 
Cell Lines 	 Apoptosis (folds) 	Effect of scavengers 
(% inhibition) 
PC3 	 Untreated - 
TO 2.8 
+TL 1.29 	 53.93 
+SOD 1.59* 43.21 
+Cat 1.72` 	 38.57 
LNCaP 	Untreated -  
(s\-)l 3.3 
+T[ 1.19` 	 63.94 
+SOD 1.67* 49.39 
+Cat 1.82* 	 44.85 
PC3 and LNCaP prostate cancer cell line were incubated with different ROS scavengers, 
and treated with TQ as described in "'Methods". 
TQ, 5 	1; "1U, 700 µICI thiourea; SO1D, 100 .tg/mL superoxide dismutase; Cat, 100 
µg/mL catalase. *p<0.05 compared to treated control. 
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Figure 54: Effect of neocuproine and other metal chelators on clonogenic 
potential of cancer cells treated with TQ. 
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Cancer cell lines were plated in 24-well plates as described in "Method". Culture was 
supplemented with 5 µ\1 TQ with or without 50 µ.M metal specific chelators(Neo, 
copper chelator neocuproine; D1, iron chelator desferrioxamine mesvlate; His, zinc 
chelator histidine). After appropriate culture time (22 days), colonies (>50 cells) were 
counted. Experiments were carried out in quadruplicate and mean values are reported. 
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Figure 55: Effect of neocuproine on ROS detection in MDA-MB-231 treated with 
TQ. 
Control 	 TQ 	 TQ+Neo 
The lrnge-II LIVE Green ROS Detection Kit (Molecular probes, LISA) was used to 
detect ROS generation in TQ-treated MDA-MB-231 breast cancer cells. 50 µb1 TQ was 
layered on w cells adhering to covershps for 1 h in ahsencc or presence of copper 
chelator neocuproine (Neo) and processed further as described in "Methods". MDA-
MB-231 breast cancer cells are shown with Hoechst 33342—stained nuclei (blue color) 
and ROS production is detected by increased oxidation of carboxy I I_DCFDA (green 
color). 
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Chapter III: Results 
Figure 56: (A) Effect of gossypol, ApoG2 and TQ on inhibition of cell 
proliferation in MCF-10A (normal breast epithelial cells) and MCF-10A cells 
cultured in media supplemented with Cu(II) (MCF-10A-Cu). (B) Effect of Cu (II) 
on Ctrl expression in MCF-10A-Cu. 
(A) 	 0 0µM ® 5µM 
Gossypol 	ApoG2 	TQ 
p<0.05 p<0.01 p<0.05 
(B) 	 J` 
P Q~ 
Ctrl 
— 	f3-actin 
(A) Normal breast epithelial MMC1F-1U:\ cells and MCF10A cells culture media 
supplemented with 25 µ.ii/I. of copper (designated as I\ICF-10_1-Cu) were treated with 
5 tM gossypol/ApoG2/TQ and cell growth inhibition assay was done by an NITF assay 
as described in "Methods" and (B) copper transporter, Ctrl, expression in IMF-lOA 
and MICF-10:1-Cu was detected using western blot as described in "Methods". -actin 
protein was used as protein loading control for the blot. 
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DISCUSSION III 
Previous studies in this laboratory have centered on the mechanism of anticancer 
properties of plant derived polvphcnolic antioxidants. It has been proposed that 
the cytotoxic action of these compounds against cancer cells would involve 
mobilization of endogenous chromatin-bound copper and consequent prooxidant 
action (Hadi et al., 2000; Hadi et al., 2007). Towards validation our hypothesis 
considerable evidence has been deduced over the years (Shamim et al., 2008; 
azcem et al., 2009; Khan et al., 2011). 
Using a system of human peripheral lymphocytes in the previous chapters, I have 
shown that gossvpol and its derivative ApoG2, as well as '1'Q arc capable of 
mobilizing endogenous copper and the consequent prooxidant action leads to 
DNA breakage. The major conclusions of the experiments in this chapter arc; (i) 
gossvpol, ApoG2 as well as TQ do not cause any significant inhibition of normal 
breast epithelial MCF-10A cells; (ii) however, the supplementation of culture 
media of i\1CF-1OA cells with copper leads to an upregulation of the membrane 
bound copper transporter protein, hCtrl, and subsequent increase in sensitivity 
of these cells to gossvpol, ApoG2 and TQ as evidenced by the decrease in cell 
proliferation; (iii) gossvpol and ApoG2, as well as TQ induce a dose-dependent 
decrease in cell proliferation of cancer cell lines; (iv) the compound-induced cell 
proliferation inhibition and apoptosis induction in cancer cells is reversed in 
presence of copper chelator, neocuproinc, confirming the role of copper in the 
cv-totoxic action of the antioxidants, (v) further, the redox cycling of copper in 
presence of gossvpol, ApoG2 and TQ leads to the generation of ROS as 
evidenced by the decrease in apoptosis induction in presence of scavengers of 
ROS and decrease in TQ-induced ROS generation in MMDA-MB-231 breast cancer 
cell line in presence of neocuproine. The result suggests a common mechanism of 
action of their anticancer and antiproliferative activity. 
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The above results further identify copper as a molecular target for the 
antioxidants. A number of polyphcnolic antioxidants, have been shown to be 
cvtotoxic to cancer cells leading to apoptotic cell death in various cell lines but not 
in normal cells (Ahmad et al., 1997; Chang et al., 2009). Such preferential 
cvtotoxicity toward cancer cells is explained by the fact that serum (llargalioth et 
al., 1987), tissue (Yoshida et al., 1993), and intracellular (Ebara et al., 2000) copper 
levels are significantly elevated in various malignancies. Copper is an important 
metal ion present in the chromatin and is closely associated with DNA basses 
particularly guanine (Bryan, 1979; Kagawa et al., 1994). Copper transporters are 
over expressed in malignant cells, which aid the uptake and accumulation of 
copper (Deng et al., 2006). Since cancer cells contain elevated levels of copper, 
they may be more subject to electron transfer with antioxidants (.lhmad et al., 
2000; Zheng et al., 2006) to generate ROS. 
Among oxygen radicals, the hydroxyl radical is most electrophiuc with high 
reactivity and therefore possesses a small diffusion radius. Thus, in order to cleave 
DN.\, it must be produced in the vicinity of cellular DNA (Pryor, 1988). The 
location of the redox-active metal is of utmost importance because the hydroxyl 
radical, due to its extreme reactivity, interacts exclusively in the vicinity of the 
bound metal. This is also in concurrence with the observation that gossvpol and 
TQ induce internucleosomal DNA fragmentation in cancer cells (Jan-is et al., 
1994; Shoieb et al., 2002). Such internucleosomal DN.\ laddering often used as an 
indicator of apoptosis may also reflect DN.\ fragmentation by non-enzymatic 
processes by metal-chelating agents that promote the rcdox activity of 
endogenous copper ions and the resulting production of hydroxyl radicals (Burkitt 
et al., 1996). 
In normal cells, there exists a balance between the free radical generation and the 
antioxidant defense (Devi et al., 2000). However, it has been clearly documented 
that tumor cells arc under persistent oxidative stress and have an altered 
antioxidant system (Schumacker et al., 2006) and thus further ROS stress in these 
malignant cells reaching a threshold level could result in apoptosis. These 
observations further suggest that neoplastic cells may be more vulnerable to 
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oxidative stress because they function with a heightened basal level of ROS due to 
increased rate of growth and metabolism (Kong et al., 2000). Thus, in cancer cells, 
an enhanced exposure to ROS, generated through the redox activity of 
endogenous copper, can overwhelm the cells antioxidant capacity, leading to 
irreversible damage and cell death. 
Based on the work presented in this thesis, I would like to conclude that 
mobilization of nuclear copper by gossvpol, and its derivative ApoG2, as well as 
TO; and the consequent proosidant action could be one of the important 
mechanisms for their anticancer and chemopreventive properties. Indeed such a 
common mechanism better explains the anti-cancer effects of plant antioxidants 
with diverse chemical structures and also the preferential cvtotoxicity towards 
cancer cells. 
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Abstract To account for the observed anticancer 
properties of plant polyphenols, we have earlier 
proposed a mechanism which involves the mobiliza-
tion of endogenous copper ions by polyphenols 
leading to the generation of reactive oxygen species 
(ROS) that serve as proximal DNA cleaving agents 
and lead to cell death. Over the last decade we have 
proceeded to validate our hypothesis with considerable 
success. As a further contirnmation of our hypothesis, in 
this paper we first show that oral administration of 
copper to rats leads to elevated copper levels in 
lymphocyte%. When such lymphocytes with a copper 
overload were isolated and treated with polyphenols 
EGCG, genistein and resveratrol, an increased level of 
DNA breakage was observed. Further, preincubation 
of lymphocytes having elevated copper levels with the 
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membrane permeable copper chelator neocuproine, 
resulted in inhibition of polyphenol induced DNA 
degradation. However, membrane impermeable che-
lator of copper hathocuproine, as well as iron and zinc 
chelators were ineffective in causing such inhibition in 
DNA breakage, confirming the involvement of endog-
enous copper in polyphenol induced cellular DNA 
degradation. It is well established that serum and tissue 
concentrations of copper are greatly increased in 
various malignancies. In view of this fact, the present 
results further confirm our earlier findings and 
strengthen our hypothesis that an important anticancer 
mechanism of plant polyphenols could be the mobi-
lization of intracellular copper leading to ROS-med-
iated cellular DNA breakage. In this context, it may be 
noted that cancer cells are under considerable oxida-
tive stress and increasing such stress to cytotoxic levels 
could he a successful anticancer approach. 
Keywords Cancer chemoprevention . Copper 
EGCG - Genistein . Polyphenols . Prooxidant 
DNA breakage 
Introduction 
Epidemiological studies have suggested that human 
consumption of fruits, vegetables and beverages such 
as green tea and red wine is associated with reduced 
risk of cardiovascular disease and certain types of 
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cancers (Vainio and Weiderpress 2006: Park and Surh 
2004). Plant polyphenols are important components of 
human diet and a number of them are considered to 
possess chernopreventive and therapeutic properties 
against cancer. Various classes of polyphenols are 
found in plants such as flavonoids, gallocatechins, 
tannins, curcuminoids, stilbenes such as resveratrol 
and anthocyanidins such as delphinidin. Of particular 
interest is the observation that the green tea polyphe-
nol EGCG was found to induce internucleosomal 
DNA fragmentation in cancer cell lines such as human 
epidermoid carcinoma cells, human carcinoma kerat-
inocytes, human prostate carcinoma cells and mouse 
lymphoma cells. However, such DNA fragmentation 
was not obscr%ed in normal human epidermal kcrat-
inocytes (Ahmed et al. 1997). Likewise. gallic acid 
showed cytotoxicity for a number of tumour cell lines 
but primary cultured rat hepatocytes and macrophages 
were found to be refractory to the cytotoxic effect 
(Inoue et al. 1994). Similar studies have shown that 
soy isoflavone genistein and red wine polyphenol 
resveratrol are able to induce apoptotic cell death in 
various cancer cell lines but not in normal cells 
(Chang et al. 2008; Clement et al. 1998). Moreover, 
Moiseeva et al. (2007) have reported that physiolog-
ical concentrations of dietary phytochemicals includ-
ing genistcin results in reduced growth and induction 
of apoptosis in cancer cells. 
Earlier studies in our laboratory have shown that 
flavonoids tAhmad et al. 1992), tannic acid and its 
structural constituent gallic acid (Khan and Hadi 
1998). curcumin (Ahsan and Hadi 1998), gallocatc-
chins (Malik et al. 2003) and resveratrol (Ahmad 
et al. 20(X)) cause oxidative strand breakage in DNA 
either alone or in the presence of transition metal ions 
such as copper. Copper is an important metal ion 
present in chromatin and is closely associated with 
DNA bases, particularly guanine (Kagawa et al. 
1991). It is also one of the most redox active of the 
various metal ions present in cells. Most of the copper 
present in human plasma is associated with cerulo-
plasmin, which has six tightly held copper atoms and 
a seventh, easily mobilized one (Swain and Gutter-
idge 1995). In a study by Satoh et al. (1997) copper 
was found to enhance the apoptosis-inducing activity 
of polyphenols. whereas iron was inhibitory. 
Although iron is considerably more abundant in 
biological systems, the major ions in the nucleus are 
copper and zinc (Bryan 1979). 
Most of the plant polyphenols possess both antiox-
idant as well as prooxidant properties (lnoue ct al. 
1994; Ahmad et al. 1992) and we have earlier proposed 
that the prooxidant action of polyphenols may be an 
important mechanism of their anticancer and apoptosis 
inducing properties (Hadi et al. 2000). Some interest-
ing studies have in fact suggested that increasing 
reactive oxygen species (ROS) generation over an 
established threshold by lowering antioxidant defenses 
may contribute to selective killing of cancer cells 
(Schumacker 2006; Trachootham et al. 2006). Such a 
mechanism for the cytotoxic action of polyphenolic 
compounds against cancer cells would involve mobi-
lization of endogenous copper ions, possibly chroma-
tin bound copper and the consequent prooxidant action. 
According to our hypothesis, the preferential 
cytotoxicity of polyphenols toward cancer cells is 
explained by the fact that copper levels are signifi-
cantly elevated in cancer cells. Indeed it has been 
shown that serum (Ebadi and Swanson 1998) and 
tissue (Yoshida et al. 1993; Nasulewis et al. 2004) 
concentrations of copper are greatly increased in 
various malignancies. As a further confirmation of 
our hypothesis, in this paper we show that oral 
administration of copper to rats leads to elevated 
copper levels in plasma as well as in lymphocytes. 
Further, when such lymphocytes are treated by 
various polyphenols, an increased level of cellular 
DNA degradation is observed. 
Materials and methods 
Chemicals 
EGCG, genistein, resveratrol, neocuproine, bathocupr-
oinc, catalase, superoxide dismutasc (SOD), agarose, 
low melting point agarose (LMPA), Histopaque 1077, 
RPMI 1640, phosphate buffered saline (PBS) Ca` and 
Mgt ' free. Triton X-100 and Trypan blue were 
purchased from Sigma (St. Louis, USA). All other 
chemicals used were of analytical grade. EGCG and 
resveratrol were dissolved in 3.0 mM cold NaOH 
before use as fresh stocks of 1.0 mM. Fresh solution of 
gcnistein was prepared as a stock of 1.0 mM in 
absolute methanol. Upon addition to reaction mix-
tures, in the presence of buffers mentioned and at the 
concentrations used, all the polyphenols used 
remained in solution. The volumes of stock solution 
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added did not lead to any appreciable change in the pH 
of reaction mixtures. 
Animals 
Adult male Wistar rats weighing between 190 and 
220 g were used in the study. The rats were housed in 
isopropelyene cages and acclimatized for a period of 
I week to laboratory conditions (23 ± 2°C and 60% 
humidity). They received a commercial standard diet 
(Ashirwad Industries, Chandigarh, India) and water 
ad lihitum. After acclimatization, the rats were 
randomly divided into two equal groups and hence-
forth, identified as control and test groups. All the 
animal studies were carried out in compliance with 
the international practices for animal use according to 
the guidelines of Committee for Purpose of Control 
and Supervision of Experiments on Animals (CPC-
SEA), Ministry of Environment and Forests. Gov-
ernment of India. 
Cupric chloride was administered orally to rats 
from the test group in order to raise their intracellular 
status of copper. Rats from the control group were 
gavaged with only drinking water. Twelve hours 
post-gavaging, blood was drawn from control as well 
as copper-administered rats by cardiac puncture and 
kept in heparinised tubes. 
Isolation of lymphocytes 
Heparinized blood samples (2.0 nil) from both untreated 
rats and their copper-overloaded counterparts were 
diluted suitably in Ca'— and Mgt ' free PBS. Lympho-
cytes were then isolated from the blood using Hist-
opaque 1077 (Sigma) and the isolated cells (2 x l0`') 
were subsequently suspended in RPMII 1640. 
Viability assessment of lymphocytes 
The lymphocytes were checked for their viability 
before the start and after the end of the reaction using 
Trypan Blue Exclusion test (Pool-Zoble et al. 1993). 
The viability of the cells was found to be almost 94%. 
Measurement of copper in plasma 
and lymphocytes 
3.9 nil of nitric acid (2.5%) was added to aliquots of 
100 pi plasma/lymphocytes and vortexed. The 
solutions were then kept at 37°C for 5 h with regular 
shaking. The mixture was centrifuged at 3000 rpm 
for 5 min. Copper was measured in the clear super-
natant by means of flame atomic absorption spectro-
photometry (FAAS) (Varian Spectra 200 FS, Varian 
Inc, California, USA) (hollow cathode lamp, Flame 
type: Air acetylene; replicate 3; wavelength 
324.8 nm) as described (US EPA 1994). Plasma 
and cellular copper levels of each animal were 
measured and a mean value was determined for the 
whole group. 
Treatment of rat lymphocytes with polyphenols 
Isolated lymphocytes were exposed to specified 
concentrations of polyphenols EGCG, genistein and 
resveratrol in a total reaction volume of 1.0 ml. 
Incubation was performed at 37°C for I h. In some 
experiments, lymphocytes were pre-incubated with 
various concentrations of different metal chelators 
prior to being treated with polyphenols. In another set 
of experiments, scavengers of ROS were added to the 
reaction mixture containing polyphenol at the final 
concentrations indicated. After incubation, the reac-
tion mixture was centrifuged at 4000 rpm, the 
supernatant was discarded and pelleted lymphocytes 
were resuspended in 100 pl of PBS and processed 
further for Comet assay. 
Evaluation of DNA breakage by comet assay 
Comet assay was performed under alkaline condi-
tions essentially according to the procedure of Singh 
et al. (1998) with slight modifications. Fully frosted 
microscopic slides precoated with I.0% normal 
melting agarose at about 50°C (dissolved in Cat ' 
and Mg'" free PBS) were used. Around 10,000 cells 
were mixed with 75 pl of 2.0% LMPA to form a cell 
suspension and pipetted over the first layer and 
covered immediately by a coverslip. The agarose 
layer was allowed to solidify by placing the slides on 
a flat tray and keeping it on ice for 10 min. The 
coverslips were removed and a third layer of 0.5% 
LMPA (75 µl) was pipetted and coverslips placed 
over it and kept on ice for 5 min for proper 
solidification of layer. The coverslips were removed 
and the slides were immersed in cold lysing solution 
containing 2.5 M NaCI, 100 mM EDTA, 10 mM 
Tris, pH 10, and I% Triton X-1(x3 added just prior to 
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use for a minimum of 1 h at 4°C. After lysis DNA 
was allowed to unwind for 30 min in alkaline 
electrophoretic solution consisting of 300 mM 
NaOH, 1 mM EDTA, pH > 13. Electrophoresis was 
performed at 4°C in a field strength of 0.7 V/cm and 
300 mA current. The slides were then neutralized 
with cold 0.4 M Tris, pH 7.5, stained with 75 µl 
Ethidium Bromide (20 µg/ml) and covered with a 
coverslip. The slides were placed in a humidified 
chamber to prevent drying of the gel and analyzed the 
same day. Slides were scored using an image analysis 
system (Komet 5.5, Kinetic Imaging, Liverpool, UK) 
attached to a Olympus (CX41) fluorescent micro-
scope and a COHU 4910 (equipped with a 
510-560 nm excitation and 590 nm barrier filters) 
integrated CC camera. Comets were scored at x 100 
magnification. Images from 50 cells (25 from each 
replicate slide) were analyzed. The parameter taken 
to assess lymphocytes DNA damage was tail length 
(migration of DNA from the nucleus, µm) and was 
automatically generated by Komet 5.5 image analysis 
system. 
Statistics 
The statistical analysis was performed as described 
by Tice et al. (2000) and is expressed as mean ± 
SEM. A student's t-test was used to examine 
statistically significant differences. Analysis of vari-
ance was performed using ANOVA. P values <0.05 
were considered statistically significant. 
Results 
Oral administration of cupric chloride to rats leads 
to elevated copper levels 
When rats in the test group were orally administered 
copper in the form of cupric chloride in a dose of 
30 mg/Kg b.w., a clear elevation in the intracellular 
copper status of lymphocytes was observed. A similar 
increase in the plasma copper concentrations was also 
found. As shown in Table I, the mean copper levels 
were highest in the plasma as well as lymphocytes 
isolated 12 h after oral administration of copper to 
the rats. Beyond this time, the levels of copper 
declined and returned to almost control values at 36 h 
post-administration. 
Table 1 Copper concentrations in plasma and lymphocytes of 
rats after different intervals of copper administration 
Time interval Mean copper 	Mean copper level 
between copper cone. in plasma 	in lymphocytes 
dosing and (pg/ml ± SD) 	(µg/l06 
lymphocyte cells 	SD) 
isolation (h) 
0 1.46±0.09 8.96=0.69 
12 5.11±0.34 31.28 ± 2.55 
24 3.34±0.21 18.64 ± 1.36 
36 1.79±0.05 10.56 ± 0.86 
Rats were gavaged in groups of five with 30 mg/Kg b.w. CuC12 
in water and sacrificed at intervals indicated for isolation of 
plasma and lymphocytes 
Cellular DNA breakage induced by polyphenols 
in lymphocytes isolated from rats with copper 
overload 
Lymphocytes isolated at different time points fol-
lowing copper administration to rats were treated in 
vitro with EGCG and genistein at a concentration of 
50 µM. Breakage in cellular DNA was measured by 
alkaline single cell gel electrophoresis (comet assay). 
As can be seen in Fig. 1. both EGCG and genistein 
induced significantly greater DNA degradation in 
40 ■ No Polyphenol 	• 
■EGCG 
35 DGenistein 	I E3o 
Co 25 
20 	t~ 	 J 
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Fig. 1 Polyphenol-induced DNA breakage in lymphocytes 
isolated from copper-administered rats at different time points. 
The rats were gavaged with 30 mg/kg b.w. CuCl2 and 
sacrificed after the indicated periods. The isolated lymphocytes 
were then treated with the polyphenols (50 ftM) for I h and 
subsequently subjected to comet assay. The tail lengths of 
comets were determined as given in "Materials and methods" 
section. Value% are found to be significant when compared with 
control (no polyphenol) at P < 0.01. Both groups comprised of 
live animals each 
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Table 2 Cellular DNA damage induced by different poly-
phenols in lymphocytes isolated from copper-administered rats 
as analysed by comet assay 
Treatment 	Control group 	Copper administered 
comet tail length 	group comet tail length 
(µm) 	 1µm) 
Untreated 3.17 ± 0.22" 6.12 ± 0.47' 
(Control i 
Kcsveratrol 16.62 ± 0.93* 25.72 	1.59" 
Genistein 24.55 ± 1.64* 36.21 = 2.34" 
EGCG 22.36 ± 1.86" 31.8 s 1.97"• 
Lymphocytes from control rats (gavaged drinking water) and 
copper overloaded rats (gavaged 30 mg/Kg b.w. CuCI_) were 
treated with the mentioned polyphenols at a concentration of 
50 pM tot I h at 37°C. Values reported are Mean ± SEM. 
Both groups had five animals each 
* Values are significant when compared with control " at 
P < 0.05: •' values are significant when compared with 
control ' at P < 0.05. Mean values of the "control group 
were compared with "treated group and found to be 
significant at P < 0.05 
cells isolated at 12 It after copper dosing to rats. Such 
increased DNA breakage in isolated rat lymphocytes 
correlates with the data shown in Table 1, where the 
maximum elevation in copper levels was seen in 
lymphocytes isolated after 12 h of copper 
administration. 
In all subsequent experiments, lymphocytes were 
isolated from rats 12 h after oral administration of 
copper. When isolated rat lymphocytes were treated 
with different polyphenols (Table 2), an invariably 
greater extent of DNA breakage was observed in the 
lymphocytes of copper-administered rats as com-
pared to that of control group rats. Thus it is indicated 
that the elevated copper levels in copper-adminis-
tered rats contributes to increased cellular DNA 
degradation. Further, the differences in the rate of 
DNA breakage by the three polyphenols tested is 
possibly due to differential cell membrane perme-
ability and copper reducing efficiency of the poly-
phenols (Ahmad et al. 1992). 
In another experiment, the effect of increasing 
concentration of polyphenols was tested on cellular 
DNA breakage in lymphocytes isolated from copper-
administered rats. As shown in Fig. 2a, isolated rat 
lymphocytes treated with increasing concentrations 
of EGCG exhibit a progressive increase in DNA 
degradation. However, such increment in DNA 
breakage was more pronounced in lymphocytes of 
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Fig. 2 Cellular DNA breakage induced by different concen-
trations of polyphenols EGCG (a) and gcnistcin (b) in 
lymphocytes isolated from Control (gavaged drinking water) 
and copper-administered rats (gavaged 30 mg/Kg b.w. CuC],). 
Isolated lymphocytes were treated with increasing concentra-
tions of EGCG/Genstein as indicated in the figure for I h 
copper-administered rats at every concentration of 
EGCG tested. Similar results were obtained when 
increasing concentrations of genistein were used to 
treat isolated rat lymphocytes, as shown in Fig. 2h. In 
previous publications we have established the mobi-
lization of endogenous copper ions by using various 
metal ion chelators (Shamim et al. 2008: Ullah et al. 
2009). The results given in Fig. 2a and b lend further 
support to the involvement of endogenous copper 
ions in polyphenol mediated cellular DNA 
degradation. 
Effect of metal-specific sequestering agents 
on the polyphcnol-induced DNA breakage 
in isolated rat lymphocytes with copper overload 
In the experiment shown in Fig. 3, we have used 
various metal-specific chelators, which selectively 
bind to copper, iron and zinc, to study their effect on 
polyphenol EGCG-induced DNA degradation in 
lymphocytes isolated from rats administered copper 
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Fig. 3 Effect of 
preincubattng the 
lymphocytes isolated from 
copper-administered rats 
with metal chelators on 
cellular DNA breakage 
induced by EGCG. The 
lymphocytes were 
preincubated at 37°C for 
30 min and subsequently 
treated with EGCG and 
subjected to comet assay as 
described in methods. The 
three different 
concentrations of 
ncocuproine. 
bathocuproine, 
desferroxamine mess late 
and histidine as indicated 
were used for 
preincubauon. The 
concentration of EGCG 
used was 51) ItNt 
orally. As shown above and as expected the cellular 
DNA breakage was considerably greater in lympho-
cytes with a copper overload. Four different metal 
chelators were used, namely neocuproine and batho- 
cuproine (copper sequestering agents); desferrox-
amine mesylate (iron chelator) and histidine (which 
hinds zinc) at concentrations of 25, 50 and 100 µM. It 
was seen that only in the case of neocuproine. there 
was a progressive decrease in comet tail lengths. 
Bathocuproine, which is also a copper chelator. along 
with desferroxamine mesylate and histidine was 
ineffective. Bathocuproine is impermeable to cell 
membrane and we have earlier shown that when 
isolated cell nuclei were treated with polyphenols, 
bathocuproine was able to inhibit the cellular DNA 
breakage (Shamim et al. 2008). This explains the 
non-inhibition of DNA breakage by bathocuproine 
observed in the above experiment. Similar results 
were obtained (data not shown) when genistein and 
resveratrol were used instead of EGCG as test 
polyphenols. The result indicate that the polyphe-
nol-induced cellular DNA breakage in the control 
Table 3 Effect of scavengers of ROS on EGCG-induced DNA breakage in lymphocytes isolated from copper-administered rats 
Lymphocyte treatment Comet tail length (ltm) ¶f Inhibition 
Control (untreated) 2.41 ± 0.I7" - 
+ EGCG (50 µM) 20.04 ± 0.81 * -  
+ EGCG + SOD (100 pg/ml) 9.39 ± 0.36* 60.41 
+ EGCG — Catalase (100 pg/ml) 10.96 ± 0.53* 51.5 
+ EGCG -t- Thiourea (I mM) 12.52 ± 0.78* 42.65 
Copper-administered (Untreated) 5.15 ± 0.30 -  
+ EGCG (50 pM, 34.73 ± 1.35** - 
+ EGCG — SOD (100 pg/mI) 1338 ± 0.69** 72.17 
+ EGCG - Catulasc (100 pg/ml) 11.67 ± 0.74** 77.96 
+ EGCG - Thiourea (I mNl) 15.66 ± 1.09** 64.47 
Rats were orally administered CuC12 (30 mg/kg h.w.) and lymphocytes were isolated 12 h later. Each group comprised of five rats 
Mean values were significant when compared with control " P < 0.05; ** mean values were significant when compared with 
control ' P < 0.05 
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group as well as copper-administered group of rats is 
due to a similar mechanism involving mobilization of 
endogenous copper ions. Moreover, it also rules out 
the involvement of any other metal ion, such as iron 
or zinc, in the reaction leading to DNA breakage. 
Effect of scavengers of active oxygen species 
on polyphenol-induced DNA breakage in isolated 
rat lymphocytes with copper overload 
Table 3 gives the results of an experiment where 
scavengers of various ROS, namely superoxide 
dismutase, catalase and thiourea, were tested for 
their effect on EGCG-induced DNA breakage in 
lymphocytes isolated from copper-administered rats 
using comet assay. Catalase and SOD remove H,O2 
and superoxide, respectively, while thiourea scav-
enges hydroxyl radicals. All the three ROS scaveng-
ers caused significant inhibition of DNA breakage as 
evidenced by decreased tail lengths of comets in both 
the control as well as copper-administered group. In 
earlier reports (Ullah et at. 2009; Azrni et al. 2006), 
we have proposed that polyphenol induced cellular 
DNA degradation is the result of the formation of 
ROS such as the hydroxyl radicals. Further, due to the 
site specific nature of the reaction of hydroxyl 
radicals with DNA, it is difficult for any trapping 
molecule to intercept them completely (Czene et al. 
1997). This possibly accounts for the fact that 
complete inhibition of DNA degradation was not 
observed even at relatively high concentration of 
thiourea (1 mM) and catalase (100 pg/ml). The 
results are in further support of the indication that 
irrespective of whether the lymphocytes are from the 
normal control rats or from the copper-administered 
ones, a similar mechanism of polyphenol mediated 
oxidative DNA degradation is involved. 
Discussion 
The role of copper has been extensively studied in the 
etiology and growth of tumors (Brewer 2005; Good-
man et al. 2004). Such studies were based on reports 
that copper distribution is altered in tumor bearing 
mice, rats and humans (Apelgot et al. 1986; Scmczuk 
and Pomykalski 1973). Gupte and Mumper (2008) 
have reviewed several studies which indicate that 
both serum and tumor copper levels are significantly 
elevated in cancer patients compared to healthy 
subjects. Moreover, there are a number of studies 
that have focused on determining the levels of four 
important biological trace elements, namely copper, 
iron, zinc and selenium, in cancer patients. These 
studies showed that while iron, zinc and selenium 
concentrations were significantly lower in cancer 
patients, the copper levels were almost always found 
to be significantly elevated (up to two to three folds) 
compared to age-matched samples from normal tissue 
(Kuo et al. 2002; Zuo et al. 2006). However, the 
reason for an increased copper concentration in 
tumors is not clearly known. 
We have earlier proposed that an important 
anticancer mechanism of plant-derived polyphenolic 
compounds could he the mobilization of endogenous 
copper ions and the consequent prooxidant action 
(Nadi et al. 20(X)). This is based on several lines of 
indirect evidence in literature and our own studies 
(Hadi et al. 2007). Using intact lymphocytes and 
isolated nuclei from these cells, we have established 
that plant polyphenols are able to mobilize chromatin 
bound copper leading to redox cycling of copper ions 
(Shamim et al. 2008). In the presence of molecular 
oxygen such a reaction leads to the formation of ROS 
such as hydroxyl radical, causing DNA cleavage. 
Further, we have suggested that the preferential 
cytotoxicity of plant polyphenols towards cancer 
cells is explained by the observation made several 
years earlier which showed that serum (Ebadi and 
Swanson 1998; Margalioth et al. 1987), tissue 
(Yoshida et al. 1993) and intracellular copper levels 
in cancer cells (Ebara et al. 2000) are significantly 
increased in various malignancies. Indeed, such 
levels have been described as a sensitive index of 
disease activity of several hematologic and non-
hematologic malignancies (Pizzolo et al. 1978). 
Since cancer cells contain elevated levels of 
copper, they may be more subject to electron transfer 
with polyphenols (Zheng et al. 2(X)6) to generate 
ROS. In normal cells, there exists a balance between 
the free radical generation and the antioxidant system 
(Devi et al. 2000). However, it has been clearly 
documented that tumor cells are under persistent 
oxidative stress and have an altered antioxidant 
defense (Powis and Baker 1997; Pcrvaiz and Clement 
2004) and thus further ROS stress in these malignant 
cells, surpassing a threshold level, could result 
in apoptosis (Gupte and Mumper 2()0S). These 
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observations suggest that neoplastic cells may be 
more vulnerable to oxidative stress as they function 
with a heightened basal level of ROS owing to 
increased rate of growth and metabolism (Kong et al. 
2000). Thus, in cancer cells, a further enhanced 
exposure to ROS. generated through the redox 
cycling of intracellular copper by polyphenols, can 
overwhelm the cells antioxidant capacity, leading to 
irreversible damage and apoptosis. On the other hand, 
normal non-malignant cells can better tolerate such 
an action due to their low basal ROS output and 
normal metabolic regulation, as also normal copper 
redox status. Hence, a disparity in the redox states of 
cancer cells and normal cells may provide a molec-
ular basis for selective killing of cancer cells by the 
use of agents, like polyphenols, that can cause further 
ROS insults to the malignant cells. Therefore, we 
propose that this accounts for the preferential cyto-
toxicity of plant polyphenols toward cancer cells. 
Indeed we have recently shown that the polyphenol 
genistein mediated apoptotic cell death and cell 
proliferation inhibition in MDA MB 231 and MDA 
MB 468 breast cancer cell lines is inhibited by the 
copper chelator neocuproine, whereas iron and zinc 
chelators have little effect (Ullah et al. 2011). 
In order to further substantiate our hypothesis, in 
this paper we have attempted to elevate copper levels 
in lymphocytes by administering cupric chloride to 
rats to a range similar to what has been reported in 
leukemic cancer patients (Carpentieri et al. 1986) 
[31.28 ± 2.55 jig 	Cu/10" cells 	(Table 1) 	vs. 
52 ± 16 µg Cu/10`' cells (in leukemia patients)]. It 
must be mentioned that copper itself is known to be 
cytotoxic and leads to cellular DNA cleavage. 
However as shown in the results the levels of copper 
achieved in lymphocytes on cupric chloride admin-
istration does not lead to a significant increase in 
comet tail lengths as compared to the untreated 
controls (Fig. 1). More importantly, the addition of 
polyphenols (EGCG and genistein) causes several 
fold increase in cornet tail lengths, indicating that the 
contribution of copper alone to cellular DNA break-
age is insignificant. Thus the above results taken 
together lead to the conclusion that the elevated 
copper levels in lymphocytes, such as those found in 
cancer patients could be an important factor in the 
anticancer mechanism of plant polyphenols. 
In summary and in confirmation of our hypothesis, 
the following milestones have been achieved: (i) an  
in vitro reaction between plant polyphenols, Cu(II) 
and DNA leading to DNA cleavage has been charac-
terised. Most polyphenols are capable of causing 
DNA breakage in this reaction (Ahsan and Hadi 1998; 
Ahmad et al. 2000; Rahman et al. 1989; Azam et al. 
2004); (ii) as a further step we have shown that 
polyphenol-Cu(II) system is indeed capable of caus-
ing DNA degradation in a cellular system and this 
reaction could be of biological significance (Azmi 
et al. 2005); (iii) we have also shown that polyphenols 
are capable of mobilizing endogenous copper ions 
from cells leading to cellular DNA breakage (Azmi 
et al. 2006); (iv) we have further demonstrated that in 
the above oxidative cellular DNA breakage nuclear 
copper is mobilized (Shamim et al. 2008); (v) we have 
shown that polyphenol induced growth inhibition in 
breast cancer cell lines is inhibited by copper chelator 
to a significant extent whereas iron and zinc chelators 
are relatively ineffective (Ullah et al. 2011); (vi) 
finally, in this paper we have shown that oral 
administration of copper to rats leads to increased 
lymphocyte cellular DNA degradation by polyphe-
nols. This substantiates the role of elevated copper 
levels in cancer tissue and cells in the anticancer 
mechanism of plant polyphenols. 
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Abstract 
Purpose Ascorbic acid is an essential micronutrient and 
is considered to have an antioxidant function in living 
systems. For the past several decades, ascorbic acid has 
been the subject of considerable interest as an anticancer 
agent. Several studies have shown that ascorbic acid is 
cytotoxic to a variety of cancer cells, whereas normal cells 
are relatively resistant to such cytotoxic action. In this 
study, we propose a putative molecular mechanism that 
accounts for the preferential cytotoxicity of ascorbic acid 
against cancer cells. 
Methods Standard and lvsed version of alkaline single-
cell gel electrophoresis (Comet assay): ferrous oxidation-
xylenol orange (FOX) assay. 
Results We show that ascorbic acid acts as a prooxidant 
and leads to oxidative DNA breakage in lymphocytes and 
lymphocyte nuclei. Scavengers of reactive oxygen species 
were able to inhibit ascorbic acid-induced DNA breakage, 
suggesting the involvement of reactive oxygen species in 
this reaction. We further show that such DNA breakage is 
inhibited by both iron and copper chelators in cells. 
whereas in nuclei, similar inhibition was achieved only by 
copper chelators, indicating an important role of 
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chromatin-bound copper in the prooxidant cellular DNA 
breakage by ascorbic acid. 
Conclusion We propose that the copper-dependent cel-
lular redox status is an important element in the cytotoxic 
action of ascorbic acid against cancer cells. It is well 
established that cellular copper levels are considerably 
elevated in various malignancies. Therefore, cancer cells 
may be more subject to electron transfer between copper 
and ascorbate to generate reactive oxygen species. In light 
of these observations and those in literature, in this paper 
we explain that the preferential cytotoxicity of ascorbic 
acid against cancer cells is the result of elevated copper 
levels in such cells. Further, this study identifies nuclear 
copper as a novel molecular target for cytotoxic action of 
ascorbic acid, which has implications for its chemother-
apeutic properties against cancer. 
Keywords Ascorbic acid • Endogenous copper 
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Introduction 
In recent years and earlier, a number of studies have 
appeared demonstrating that ascorbic acid, an essential 
micronutrient in living systems, possesses chemopreven-
tive and therapeutic properties against cancer [ 1-6]. 
However, the anticancer effect of ascorbic acid and its 
mechanism of action have remained controversial. Earlier 
studies by Cameron and Pauling reported clinical benefits 
and improved survival using both oral and intravenously 
administered ascorbic acid in the treatment of terminal 
cancer (6, 71. Later, in two double blind, placebo-con-
trolled trials, investigators at the Mayo clinic found that 
a high-dose oral administration of vitamin C had no 
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ABSTRACT ' an polyphenols are important components of 
h.. na - c 	arc a number of them are considered to possess 
cheropreven e and therapeutic properties against cance,. 
They are recognized as naturally occurring anti-oxidants bL.t 
also act as pro-oxidants catalyzing DNA degradation in the 
presence of metal ions such as copper. The plant polyphenol 
resveratrol confers resistance to plants against fungal agents and 
has been implicated as a cancer chemopreventive agent. Of 
particular interest is the observation that resveratrol has been 
found to induce apoptosis in cancer cell lines but not in normal 
cells. Over the last few years, we have shown that resveratrol 
is capable of causing DNA breakage in cells such as human 
lymphocytes. Such cellular DNA breakage is inhibited by 
copper specific chelators but not by iron and zinc chelating 
agents. Similar results are obtained by using permeabilized cells 
or with isolated nuclei, indicating that chromatin-bound copper 
is mobilized in this reaction. It is well established that tissue, 
cellular and serum coppe' levels are considerably elevated in 
various malignancies. Therefore, cancer cells may be more 
subject to electron transfer between copper ions and 
resveratrol to generate reactive oxygen species responsible 
for DNA cleavage. The results are in support of our hypothesis 
that anti-cancer mechanism of plant polyphenols involves 
mobilization of endogenous copper and the consequent pro- 
oxidant action. Such a mechanism better explains the anti- 
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cancer effects of resveratrol, as it accounts for the preferential 
c tot~x:c•t,, towards cancer cells. 
KEY WORDS cancer • comet assay • endogenous copper• 
P-o-ox.da-t action- resveratrol 
INTRODUCTION 
Epiefc•ntiolog*ical studies have suggested that human con-
sumption of fruits and vegetables is associated with it 
reduced risk of cardiovascular disease and certain tv1w of 
cancer I I . Resvcratrol 13,4', 5-trihvdrox) stilbcno, Fig. I 
belongs to a class of compounds known as phytoalc-xinr and 
has been isolated horn several spemmatoplytes of which 
grapevine, peanuts and pines are the prime representatives. 
In recent years and earlier, it number of' studies have 
appeared demonstrating that this molecule can all ect 
several biological activities. Indeed, it has been proposed 
that resveratrol, which is present at high levels in red sine. 
exhibits it variety of biological actions, such as anti-
intatmnator}, 2i, anti-platelet (3;. and anti-mutagenic 1, 
eirects. and has been shown to he an agonist for the 
estrogen receptor : ', a property which is relevant to its 
reported cardiovascular-protective properties. It has been 
found to confer resistance to plants against Iiingal infections 
ti! and inhibit I)N: p Iynierase 7. and ribonucleotide 
rcductase 8. Resveratrol has also Bern implicated as it 
cancer chcmopreventive agent capable of inhibiting all 
three stages of chemical carcinogenesis. namely tumor 
initiation, promotion and progression ,2,. In agreement 
with the findings that cancer chemopreventive agents can 
induce apoptusis (9,tUi, resveratrol has been shown to 
induce apoptosis in human tumor cells ',I I.I2 . Most of the 
plant pohphenols. including resveratrol, possess both anti- 
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Soy isoflavone genistein induces cell death in breast 
cancer cells through mobilization of endogenous copper 
ions and generation of reactive oxygen species 
Mohammad F. Ullahl*, Aamir Ahmad1'2, Haseeb Zubair1, Husain Y. Khan', Zhiwei Wang2, 
Fazlul H. Sarkar2 and Sheikh M. Hadi' 
Department of Biochemistry, Faculty of Life Sciences, AMU, Aligarh, India 
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Scope: Worldwide geographical variation in cancer incidence indicates a correlation between 
dietary habits and cancer risk. Epidemiological studies have suggested that populations with 
high isoflavone intake through soy consumption have lower rates of breast, prostate, and 
colon cancer. Isoflavone genistein in soybean is considered a potent chemopreventive agent 
against cancer. Although several mechanisms have been proposed. a clear anticancer action 
mechanism of genistein is still not known. 
Methods and results: Here, we show that the cytotoxic action of genistein against breast 
cancer cells involves mobilization of endogenous copper. Further, whereas the copper specific 
chelator neocuproine is able to inhibit the apoptotic potential of genistein, the molecules 
which specifically bind iron (desferroxamitle mesylate) and zinc (histidine) are relatively 
ineffective in causing such inhibition. Also, genistein-induced apoptosis in these cells is 
inhibited by scavengers of reactive oxygen species (ROS) implicating ROS as effector 
elements leading to cell death. 
Conclusions: As copper levels are known to be considerably elevated in almost all types of 
cancers. in this proof-of-concept study we show that genistein is able to target endogenous 
copper leading to prooxidant signaling and consequent cell death. We believe that such a 
mechanism explains the anticancer effect of genistein as also its preferential cytotoxicity 
towards cancer cells. 
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1 Introduction 
Cancer is a growing health problem around the world 
particularly with the steady rise in life expectancy. The 
concept that cancer can be prevented, or its onset postponed. 
by certain diet-derived substances, has in the recent years 
attracted considerable interest. It has been estimated that 
more than two-third of human cancers could be prevented 
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Abbreviation: ROS, reactive oxygen species 
through appropriate lifestyle modification including dietary 
habits. Plant polyphenols are important components of 
human diet and a number of them are considered to possess 
chemopreventive and therapeutic properties against cancer. 
Epidemiological studies have indicated that populations 
with high isoflavone intake through soy consumption have 
lower incidence of breast, prostate, and colon cancer [1). 
Soybeans are a rich and relatively unique source of isofla-
vonoid genistein (4',5,7•trihydroxyisoflavone), which is 
considered to be the major constituent responsible for the 
chemopreventive efficacy of soy. Anticancer effects of 
genistein have been demonstrated against cancer models, 
both in vitro and in vivo [2, 31. 
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Chapter 11 
Soy Isoflavone Genistein in Cancer 
Chemoprevention 
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Abstract 
Soy isotlavones have been identified as dietary components having an important role 
in reducing the incidence of breast and prostate cancers in Asian countries. The 
isoflavonc polyphcnol gcnistcin in soybean is considered to be a potent chemopreventive 
agent against cancer. Several studies, both in vitro and in vivo, have clearly shown that 
genistein is a promising therapeutic candidate for cancer chemoprevention as it is able to 
cause inhibition of human cancer growth via pathways that lead to apoptotic cell death. 
Genistein has pleiotropic molecular mechanisms of action affecting estrogen mediated 
signaling pathways, cell cycle regulation, apoptosis and cell growth signal cascades. Of 
particular interest is the observation that genistein has been found to induce apoptosis in 
cancer cell lines but not in normal cells. We have proposed a novel mechanism for the 
cytotoxic action of plant polyphenols including genistein. which has implications for its 
chemopreventive properties against cancer. We believe that such a mechanism better 
explains the preferential cytotoxicity of genistein towards cancer cells. In this review we 
discuss various mechanistic approaches that have been proposed to account for the 
chemopreventive properties of genistein. 
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